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Planetary atmospheres other than that of Earth provide natural laboratories to test our theories 
and models for climate studies and can help to identify the physical processes involved in the 
behaviour and evolution of a planet’s climate. Mars has always played a predominant role in 
comparative studies with Earth: the existing similarities allows to apply our terrestrial models, 
whereas the differences can provide us a better understanding of present atmospheric 
processes and characterise its past climate, in order to study why the two planets have followed 
different evolutionary paths, and even shedding light whether Mars could once have supported 
life. Extensive exploration efforts in the robotic exploration of Mars have retrieved large amount 
of data of Mars’ atmosphere. Dust aerosol is the main driver of Mars’ atmospheric variability, 
and the determination of the particles’ properties is of high relevance for estimating its climate 
forcing. In particular, the angular distribution of sky brightness can be evaluated to retrieve 
valuable information regarding the physical properties of the aerosol particles and atmospheric 
dust loading. In this study we show that images retrieved by the Mars Science Laboratory (MSL) 
engineering cameras (Navcam and Hazcam) can be used to constrain the size and shape of 
dust aerosol particles, and to derive the column dust optical depth. A radiative transfer based 
iterative retrieval method was implemented in order to determine the aerosol modelling 
parameters that best reproduce the sky radiance as a function of the scattering angle observed 
by MSL engineering cameras. Dust aerosol particles’ size were derived from measurements of 
the intensity decay within the solar aureole region (scattering angles < 30º), whereas the sky 
radiance at intermediate and large scattering angles were evaluated to derive the single 
scattering phase function. Particle’s shape was characterised then by comparing the retrieved 
phase functions with Double Henyey-Greenstein (DHG) analytical phase functions, T-matrix 
calculations of light scattering properties by randomly oriented non-spherical particles and 
experimental phase function retrievals of different Martian dust analogue samples. Dust size 
results show a seasonal behaviour with a positive correlation between dust column opacity and 
particle’s size, with effective radius reff ranging 0.75 to 2.00 μm. Best fitting DHG parameters 
generated a phase function with asymmetry parameter g ~ 0.65. Differences in the 
backscattering region were observed in the retrieved phase functions during the non-dusty 
season; however, no clear evidences of seasonal or interannual variability were detected. T-
matrix results describe particles with diameter-to-length (D/L) ratios of 0.7 and 1.9 for cylinders, 
and D/L = 2.0 for spheroids (“disk shaped”); and the best fitting Martian dust analogue 
corresponded to the basalt sample. Results show an overall good agreement with previous 
studies and have contributed to extend the available observational data and to parameterise 
dust phase functions. The tools and procedures developed during this research can be 
implemented for the analysis of retrievals from future Mars exploration missions. 
Keywords: Martian atmosphere, dust aerosol, MSL engineering cameras, Navcam, Hazcam, 
radiative transfer.  
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One of the main goals in the solar system exploration is to understand the main processes 
driving planetary formation and evolution, thus understanding their current behaviour from a 
geophysical point of view. Answers to some basic questions coming up along this road may be 
found through comparison, by studying how analogous phenomena of diverse nature take place 
under the different conditions found in each planet. 
This concept is known as comparative planetology and could help to identify and evaluate the 
physical processes involved in the nature and evolution of the planets and their atmospheres 
(Kahn, 1989; Greeley, 1995; Lowman, 2002). Within this approach, planetary atmospheres 
other than Earth’s can serve as natural laboratories where to test theories and gain more 
understanding in the mechanisms and interactions driving the climate system when observed 
under a different environment, with different forcing and boundary conditions (Sánchez-Lavega, 
2011; Haberle et al., 2017). 
Atmospheric data derived from telescopes, in-orbit spacecraft remote sensing instruments, and 
surface landing probes can be evaluated and interpreted with adaptations of state-of-the-art 
Earth computational models to simulate those planetary atmospheres. Occasionally, due to the 
special preservation or unique conditions, the retrieved data have comparable or higher quality 
and science value potential than the terrestrial ones (e.g., early solar system records). In such 
case, the study of planetary data contributes to our knowledge of the terrestrial atmosphere; 
findings of such investigations can be used to design more specific experiments and remote 
sensing instruments for probing Earth’s environment, and to improve our numerical models 
(Kahn, 1989). In the long-term, the details of Earth’s past, present and future climate can be 
best addressed by analysing the circumstances that have led to the extreme environments we 
currently find on other places, such as our neighbouring planets: Venus and Mars (Pollack, 
1979; Toon et al., 1982; Bougher, 1995; Taylor, 2011; Ehlmann, 2016). 
Mars has always played a special role in the comparative studies with Earth. On Table 1.1 the 
main physical and orbital parameters of both planets are provided. Although Mars’ radius is 
about half that of the Earth and gravity acceleration is around 40%, the two planets share 
fundamental properties such as similar rotation periods and orbit inclinations; their relatively thin 
atmospheres are both heated by radiative and convective exchange with the surface. These 
conditions generate diurnal variations and seasonal changes of both planets’ climate. There are 
also crucial differences: the higher eccentricity of the Martian orbit leads to larger variations in 
annual solar insolation, the absence of liquid water on the surface of the planet (no oceans, 
lakes or rivers) is translated into a smaller surface thermal inertia; and the atmospheric mass is 
controlled by the heating balance of the polar regions in contrast with the almost constant 
atmospheric mass on Earth. As a result, Mars’ atmosphere presents a fast response to solar 
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insolation, thus generating more intense diurnal and seasonal cycles when compared to Earth’s. 
In addition, airborne dust particles are always present in the Martian atmosphere, presenting 
both seasonal and inter-annual variations, and they significantly modify the thermal structure of 
the atmosphere and are a major driver of atmospheric circulations at all spatial scales. 
The fundamental similarities indicate that our terrestrial models should be applicable to Mars, 
while the existing differences can be used to test our theories and evaluate the numerical 
modelling capabilities, thus improving our understanding of the climate processes (Haberle et 
al., 2017). 
The study of Mars’ atmosphere and its components is of high interest to characterise their 
present status and main processes, as well as to reconstruct its past climate. On the 
fundamental science end, atmospheric studies play a key role in astrobiology as they help to 
understand the origins of life and its development from simple to complex organisms. NASA’s 
astrobiology roadmap (Des Marais et al., 2008) defines the concept of habitable zone or 
habitability as the measure of a planet’s (or natural satellite) potential to develop and maintain 
environments hospitable to life as we know it. Such environments depend on the presence of an 
atmosphere, its properties, and the availability of “extended regions of liquid water, conditions 
favourable for the assembly of complex organic molecules and energy sources to sustain 
metabolism”. Although present observations retrieved from telescopes, in-orbit and surface 
imaging show a dusty-red sphere and desolate arid landscapes, research outcomes from 
multiple missions in the last decade have revealed that early in Martian history liquid water 
environments were widespread over the surface and sustained by both atmospheric 
precipitation and outflows from aquifers (Des Marais et al., 2008; Grotzinger et al., 2012; James 
et al., 2017). 
 




Mass (kg) 0.64×1024 5.97×1024 10.7 
Radius of planet (km) 3,396 6,378 53.2 
Gravity at surface (m s-2) 3.71 9.80 37.9 
Length of solar day (seconds) 88,775 86,400 103.0 
Length of year (solar days) 669 365 183.0 
Spin-axis inclination (º) 25.19 23.44 107.0 
Orbit eccentricity 0.0935 0.0167 560.0 
Orbit semimajor axis (AU) 1.52 1.00 152.0 
Orbit perihelion (AU) 1.38 0.98 141.0 
Orbit aphelion (AU) 1.67 1.02 164.0 
Solar radiation (W m-2) 586.2 1,361.0 43.1 
Pressure at surface (mbar, average) 7 1,013 0.7 
Temperature at surface (average) 210 K (-63ºC) 288 K (15ºC) 73.0 




On a more practical sense, a thorough understanding of present Martian atmospheric 
processes is required for improving our models and developing accurate meteorological 
predictions, in order to plan and design future exploration missions involving surface landers 
and exploration vehicles and, eventually, the journey of humans to Mars (e.g., Levine, 2018).  
The advances made in our understanding of Martian atmosphere properties have been founded 
in extensive efforts made in the exploration missions during the last decades. The principal 
atmospheric quantities of interest in the characterisation of current Martian atmosphere are 
surface pressure, temperatures, wind velocity, aerosol optical depth and physical properties and 
the abundance of atmospheric species. This research work is focused in the study of dust 
aerosol in the Martian atmosphere and the retrieval of the airborne dust particle properties. 
The study of the optical and physical properties of aerosol particles is important for assessment 
of their effect on climate. On Earth, the aerosol abundance is considered as one of the major 
uncertainties in global climate changes (e.g., Hansen and Lacis, 1990; Kaufman et al., 1994). 
On Mars, they play a critical role in the atmosphere and climate system, in many ways similar to 
the role of water on Earth (Heavens et al., 2011a, b; Medvedev et al., 2011). The ubiquitous 
dust particles suspended in the Martian atmosphere affect the thermal structure of the 
atmosphere and its dynamics by absorbing and scattering the incoming solar radiation. Such 
variations modify at the same time the distribution and atmospheric loading of dust itself, thus 
creating a complex feedback mechanism and affecting Mars overall climate system (Newman et 
al., 2002). In contrast to Earth, where airborne dust particles remain for long periods, dust 
aerosol particles of similar size on Mars stay for much shorter times. However, while on Earth 
the dust particles are efficiently trapped or removed from the atmosphere due to the water cycle, 
the lack of such cleaning mechanisms on Mars cause that these particles, once they reach the 
surface, may be injected again into the atmosphere. For instance, Martian global dust storms 
are a unique phenomena in the solar system. They can obscure almost all the surface of the 
planet in a seasonal timescale and affect the atmospheric temperature and circulation patterns 
on a global scale. In particular, observations retrieved from surface-based spacecraft operating 
during the Martian global dust storms in 1977, 2007 and 2018 show dust opacity values 
exceeding 5 and almost reaching 10 (e.g., Arvidson et al., 1983; Cantor, 2001; Lemmon et al., 
2015; Montabone et al., 2015; Guzewich et al., 2019). 
In this first Chapter, a summary of the main components of the Martian atmosphere is provided; 
with emphasis on the effects produced by airborne dust particles on the climate system. Next, a 
brief overview of the history of Mars’ exploration missions is performed. As a conclusion of this 
Chapter, the motivation behind the performed research work is discussed, and the aim and 




1.1. Dust in the Martian atmosphere 
1.1.1. Timekeeping on Mars 
Prior to any further definitions, some brief notes regarding timekeeping on Mars are provided on 
the following lines, covering the concepts of solar longitude (LS), Martian seasons, Martian solar 
day (“sol”) and Mars Year (MY). 
The areocentric or solar longitude LS (pronounced as “L sub s” or “L s”) is the position of Mars 
relative to the Sun, measured in degrees (º) from the vernal equinox, which is the start of spring 
in the northern hemisphere of Mars (Figure 1.1). This number is used as a measure of the 
Martian seasons: the northern spring/southern autumn begins at LS = 0º, next the northern 
summer/southern winter start at LS = 90º, then the northern autumn/southern spring start at LS = 
180º, the orbit perihelion is reached around LS = 251º, and finally northern winter/southern 
summer start at LS = 270º (Allison, 1997; Lewis, 2003). 
The solar day on Mars is referred with the term “sol” (from the Latin word for “Sun”), adopted by 
the Viking Mission Team in order to avoid confusions with an Earth’s day (Snyder, 1979), and 
has a duration of 24 hours, 39 minutes and 35.244 seconds (Allison, 1997). 
Mars or Martian Years (MY) are numbered following the convention by Clancy et al. (2000), 
defining April 11, 1955 (LS = 0º) as the beginning of Martian Year 1 (MY 1). 
 
Figure 1.1. Martian solar longitude and seasons. The perihelion solar longitude position is LS = 251º, numbers 1 to 12 
indicate the Mars month number given by the Mars Climate Database (MCD) (Forget et al., 1999; Millour et al., 2015). 
Colour shades indicate the surface temperature derived by MCD at each orbit position, ranging from 140 K (purple) to 
315 K (red) (Lewis, 2003). Source: Adapted from Lewis (2003).  
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1.1.2. The atmosphere of Mars 
The Martian atmosphere is very thin, with a pressure on the surface of about 7 mbar (on Earth 
is ~ 1,013 mbar) and average surface temperature of 210 K (-63ºC), and it is mostly composed 
of CO2 (95.3%) with other important constituents being N2 (2.7%), Ar (1.6%), O2 (0.15%) and 
H2O (0.03%) (Owen, 1982; Mahaffy et al., 2013). Since the rotation period and orbit inclination 
of Mars are similar to those of Earth, diurnal and seasonal variations are also present on the 
planet. However, the very thin Martian atmosphere prevents the retention of solar radiation, 
causing significantly larger temperature differences between day and night; with variations of 
more than 50 K being commonly observed, and maximums of up to 100 K. In addition to this, 
the higher orbital eccentricity when compared to Earth’s generates a more intense seasonal 
cycle, as the solar insolation at its perihelion (when the planet is closest to the Sun) is about 
40% larger than it is at aphelion (farthest point); for example, minimum surface temperatures of 
near to 150 K may occur in the polar region during winter nights, while maximum temperatures 
of around 300 K may be reached in Mars’ southern hemisphere near the orbit perihelion (Read 
et al., 2015) 
Based on the composition and temperature of the atmospheric gases, the Martian atmosphere 
is typically divided into three layers: “low”, “middle” and “upper” atmosphere. This structure has 
been revealed by a variety of observations using both surface-based and in-orbit 
instrumentation. In Figure 1.2, the temperature profiles retrieved by Mars’ lander missions as 
they descended through the atmosphere are shown.  
The lower atmosphere (troposphere) of Mars usually extends from the surface up to altitudes of 
about 50 km. The temperatures in this region decrease with altitude and the energy transport is 
dominated by convection. The density of the lower atmosphere is mainly driven by the 
condensation and sublimation of the atmospheric CO2 in the polar regions. The atmospheric 
dust aerosol is confined within this lower atmosphere region and it is the main contributor to the 
heating of the lower atmosphere (Smith et al., 2017). The middle atmosphere is commonly 
defined as the region that covers from 50 to about 100 km above Mars’ surface. The 
temperatures show considerable variations, depending on time and season, being such 
variations influenced by the absorption and emission of solar radiation by CO2, and by 
atmospheric waves initiated in the lower atmosphere and enhanced by thermal tides between 
day-night sides (Schofield et al., 1997). The Martian upper atmosphere (or thermosphere) 
extends approximately from 100 to 200 km. This region is strongly influenced by coupling from 
the lower atmosphere via gravity waves, tides, and dust storms; and from the incoming solar 
radiation (Bougher, 1995). The temperatures suffer large variations above the homopause 
(~115-130 km), as it is controlled by the absorption of solar extreme ultraviolet radiation, 
depending on the distance to the Sun and the solar activity cycle. The region above 130 km is 
the ionosphere, where the solar radiation ionizes atmospheric gases and the combination of 
high temperatures with low densities enhances the escape of particles (hydrogen, oxygen, 




Figure 1.2. Atmospheric temperature profile structure. Overview of Mars atmosphere thermal structure, defining the 
“lower”, “middle”, and “upper” atmosphere. The temperature profiles shown are inferred from Viking Lander 1 and 
Pathfinder missions accelerometer measurements during the descent through the atmosphere. The CO2 condensation 
profile and the surface temperature retrieved by Pathfinder (red circle) are also shown for comparison (Schofield et al., 
1997; Smith et al., 2017). Source: Adapted from Schofield et al. (1997). 
The main components of the general circulation are a zonally symmetric mean circulation, 
stationary and propagating planetary waves, thermal tides and the flow of atmospheric mass 
associated with the seasonal cycle of CO2 into and out of the polar regions; being the latter an 
unique feature of Mars’ meteorology (Haberle, 2003). The mean meridional circulation (i.e., in 
the north-south direction) dominates at low latitudes and is characterised with a seasonally 
variable Hadley circulation. In particular, at equinoxes (LS = 0º, 180º) two symmetric Hadley 
cells develop sharing a common rising branch centred on the equator, similarly to the terrestrial 
case for the complete year. However, at solstices (LS = 90º, 270º) the two Hadleys cells merge 
into a single cross-equatorial circulation. The mean circulation during the northern winter (LS = 
270º to 360º) is much stronger than that during southern winter (LS = 90º to 180º) due to the 
stronger forcing resulting from perihelion (LS ~ 250º), the existing north-south hemispheric 
dichotomy in Mars’ topography and the global atmospheric dust loading during northern winter 
season (Barnes et al., 2017). 
The climate system of Mars is characterised by three main seasonal cycles: the CO2, water and 











The seasonal cycle of carbon dioxide is greatly affected by the variations in the distribution of 
incoming solar radiation. With an orbit inclination similar to that of Earth, Martian polar regions 
experience long periods of zero insolation during which temperatures below CO2 condensation 
(~150K) are reached; when the insolation returns to these regions, the process is reverted and 
the CO2 ice stored in polar caps sublimates (Figure 1.3). This seasonal condensation and 
sublimation cycle of the CO2 in the polar regions produces variations of approximately 25 to 
30% of the mass of the atmosphere (Tillman et al., 1993) and generates substantial meridional 
transports of heat, momentum and constituents, thus controlling the atmospheric circulation on 
a global scale (e.g., Titus et al., 2017; and references therein) 
The existence of a water-cycle was deduced by the Viking mission, revealing a repeating 
seasonal and spatial pattern, with water variations controlled by exchanges between several 
reservoirs (Jakosky and Farmer, 1982). The reservoirs of water are found as layers of ice 
covering the surface or mixed with the regolith, and contain approximately 106 to 107 times more 
water than the atmosphere. Among these reservoirs, the north polar cap plays a pivotal role due 
to the large extension of its exposed area, whereas the southern counterpart has a permanent 
layer of CO2 ice that prevents the underlying water-ice from regularly interacting with the 
atmosphere (Figure 1.3). Thus, the water cycle is predominantly controlled by the seasonal 
climate variations at the northern pole region. In essence: vast and exposed reservoirs of ice 
communicate with the atmosphere, whose circulation is vigorous enough to transport the water 
from pole to pole (meridional transport), thereby closing the atmospheric budget of water on an 
annual basis (e.g., Montmessin et al., 2017b; and references therein) 
 
























1.1.3. The dust cycle and its effects 
Airborne dust particles affect the atmospheric structure and dynamics at different scales, giving 
origin to the term “dust cycle” on Mars, in which dust particles are lifted from the surface, 
transported, and sedimented back to reservoirs. The dust cycle is currently considered a key 
process controlling the variability of Martian climate at seasonal and interannual scales. 
Gierasch and Goody (1972) first indicated that the retrieved vertical temperature profiles could 
not be reproduced in a radiative-convective model without taking into account the absorption of 
solar radiation by dust. Figure 1.4 compares the calculated temperature profiles for a carbon 
dioxide atmosphere model under Martian conditions for two local times, assuming an 
atmosphere with and without dust, with the range of measured temperature profiles obtained by 
Mariner 9. Such a simple experiment reveals the need to include airborne dust as a radiatively 
active in order to accurately model the thermal structure of the atmosphere. 
Remote sensing observations of dust opacity have been a scientific focus within the history of 
Mars exploration. Large temporal records of atmospheric dust loading show that dust is present 
throughout the year with seasonal abundance variations, being the main feature of the annual 
cycle the intermittent occurrence of regional- or planetary-scale dust storms (e.g., Cantor et al., 
2001). Although interannual variability exists at those particular seasons, some aspects of the 
behaviour of dust are repeated year-to-year, defining a clear seasonal pattern (e.g., Montabone 
et al., 2015; Lemmon et al., 2015). 
The seasonal behaviour of dust may be characterised by: the non-dusty season, a period 
characterised by the absence of enhanced dust activity or dust storms, with low column dust 
optical depth or opacity (𝜏) values during the northern spring and summer (LS ~ 0º to 135º); and 
the dusty season, with higher atmospheric dust opacity levels during the southern hemispheres 
spring and summer (LS ~ 135º to 360º) (Figure 1.5).  
The first rise in the atmospheric dust loading occurs within the seasonal range of LS ~ 135º to 
180º, when dust storm activity is detected, generally in the southern hemisphere. The second 
and more significant rise in the atmospheric column dust optical depth takes place before the 
perihelion (LS = 251º), and the southern hemisphere’s summer solstice (LS = 270º), generally 
around LS 180º to 235º. This increase is related to the presence of dust storm activity in the 
northern hemisphere associated with travelling weather systems, which may also trigger dust 
storms in the southern hemisphere when conditions are favourable. There is a final annual peak 
in the dust opacity after the southern hemisphere’s solstice, ranging from about LS 300º to 330º. 
In a similar manner to the pre-solstice season peak, this rise is related to cross-equatorial and 
southern hemisphere dust storms, with a significant variability in the strength of the activity from 






Figure 1.4. Martian temperature profile models by Gierasch and Goody (1972). Calculated temperature profiles for the 
atmosphere of Mars at 06:00 (morning) and 16:00 (evening) LTST. Blue profiles (left pair) were calculated for a pure 
CO2 atmosphere, without suspended dust; red curves (right pair) include the radiative effects of atmospheric dust, 
evenly mixed at all levels with optical depth of 0.10 at all wavelengths. The shaded area encloses the range of 
temperature measurements retrieved by Mariner 9. Both models and observations are referred to mid-latitude summer 
conditions. Source: Adapted from Gierasch and Goody (1972). 
 
 
Figure 1.5. Seasonal and latitudinal distribution of column dust optical depth. Zonal mean dust absorption at 9.3 μm as a 
function of solar longitude and latitude for MY 24 to 33, showing the seasonal and latitudinal distribution of column dust 
optical depth. For a detailed description of methodology and data, see Montabone et al. (2015). Source: Adapted from 


























The lifting of dust from the surface of Mars into the atmosphere is associated with the exchange 
of momentum and heat between the atmosphere and the surface. Two major processes are 
believed to be the main mechanisms of dust lifting on Mars: wind stress (saltation and direct 
suspension; Greeley and Iversen, 1985), and convective vortices (“dust devils”; e.g., Neakrase 
and Greeley, 2010). Because of the low density of the atmosphere, dust-raising winds must be 
strong. For instance, gust winds of up to 30 m s-1 were retrieved by Viking Lander 1, being this 
value an apparent threshold required to initiate lifting. However, variations may be found 
depending on surface properties and atmospheric stability. In the case of dust devils, they are 
typically tens of meters in diameter and several kilometres in height, generally formed over 
smooth terrain and within several hours around local noon (Haberle, 2003). 
Dust lifting events generate clouds and hazes which can show different ranges in both spatial 
and time scales; varying from local (order of 103 km2) to global (planet encircling, > 106 km2) 
events, and with a duration of hours to seasonal timescales. Dust storms are common on Mars 
and lead to heating in the upper atmosphere, due to the absorption and scattering of solar 
radiation by dust particles, and cooling in the lower atmospheric layers as they prevent radiation 
from reaching the surface. The extent of a dust storm modification to the atmospheric 
temperature is shown in Figure 1.6, where it is displayed a cross-section of the zonal-mean 
daytime temperature (graph of height-latitude) retrieved by MGS-TES for MY 24 and MY 25, 
when a global dust storm occurred. As a result, temperature increases of about 40 K at altitudes 
of 15 to 25 km were retrieved over the equator, and more than 60 K over the Sun-lit south pole 
(Gurwell et al., 2005). On the contrary, the blockage of the incoming solar radiation by 
atmospheric dust generates drops of about 10 K in the near-surface temperatures (Medvedev et 
al., 2011). 
The interactions of the dust cycle with CO2 and water cycles are of high relevance for Mars’ 
climate. The dust and CO2 cycles are coupled through the radiative effects of dust aerosol 
located in the polar regions. The presence of airborne dust in the poles during its seasonal 
formation affects the thermal properties of the CO2 ice cap, modifying its condensation and 
sublimation rates, and thus affecting the total atmospheric mass. The influence of dust on the 
CO2 cycle is then fed back to the dust cycle, as the atmosphere-surface exchange of 
momentum (surface wind stress) that drives dust lifting processes is directly related to the 
atmospheric mass (Newman et al., 2002). 
Dust and water cycles are coupled through water-ice cloud condensation processes, as the 
airborne dust may act as condensation nuclei. The ice-covered dust particles have different 
sedimentation speeds when compared to isolated dust particles (Kahre et al., 2017, Rossow, 
1978), thus the cloud formation may modify the vertical distribution of dust and water in the 
atmosphere. Furthermore, the mixed dust and water ice particles also show radiative properties 
different to the dust particle alone, causing affections to the atmospheric thermal and dynamical 
state, and resulting into modifications of the dust lifting and sedimentation process (Montmessin 





Figure 1.6. Atmosphere temperatures as a function of the latitude and pressure. These graphs show the mean daytime 
(LTST 14:00) temperatures (in degrees K) measured by MGS-TES (Smith, 2004), as a function of the latitude and 
pressure or height above the surface, being the top boundary value of 0.01 mbar approximately 65 km above the 
surface. Top: Latitude-height cross sections derived for the four seasons showing the thermal structure under solstice 
(LS = 90º, 270º) and equinox (LS = 0º, 180º) conditions. Source: Smith (2008). Bottom: Dust storm effects on the 
atmospheric temperatures. Mean daytime (LTST 14:00) temperature measured by MGS-TES between LS = 205º to 
210º during (a) MY 24, (b) MY 25, and (c) the corresponding temperature differences. A major dust storm occurred 




1.2. Atmospheric dust observations and missions 
Observations of dust in Mars’ atmosphere date back to the early 18th century when obscuration 
of surface features were noted; however, the concept of “yellow clouds or hazes” was 
introduced later in the 19th century (McKim, 1999). 
Starting around the 1950s, Earth-based telescopic observations in the visible wavelength range 
were coordinated in order to ensure the adequate and continuous coverage of Mars. After those 
systematic observations and the monitoring of planet-encircling dust storms, the study of dust 
has been a major objective of many spacecraft missions to Mars during the last 4 to 5 decades 
(James et al., 2017; Kahre et al., 2017). 
Images retrieved by Mariners 6 and 7 during their Mars fly-by in 1969 (MY 8) showed a 
relatively clear atmosphere. The lack of surface details suggested the presence of atmospheric 
dust in the southern impact basin Hellas region (e.g., Kahre et al., 2017). Mariner 9 was the first 
spacecraft that obtained measurements from Mars orbit (November 1971, MY 9), observing a 
surface obscured by a fully developed global dust storm (Leovy et al., 1972; Conrath, 1975). In 
1976 (MY 12), the Viking program orbiter and landers (Viking Lander 1, 1976-1980; and Viking 
Lander 2, 1976-1982) arrived to Mars carrying instruments that provided measurements specific 
to dust. They monitored the temporal and spatial variations of 1977 dust storm and derived the 
dust column opacity (Colburn et al., 1989). Built upon the success of Mariner and Viking 
missions, numerous exploration missions have been sent to Mars and have examined its 
atmosphere in great detail, using orbiting spacecrafts, surface landers and remotely controlled 
surface exploration vehicles (rovers). 
The list of spacecraft performing in-orbit atmospheric observations include: Phobos 2 (1988-
1989), Mars Global Surveyor (MGS, 1996-2006), Mars Odyssey (2001-present), Mars Express 
(MEx, 2003-present), Mars Reconnaissance Orbiter (MRO, 2005-present), MAVEN (2013-
present), and the ExoMars Trace Gas Orbiter (2016-present). 
In addition to the Viking landers, surface-based observations have been retrieved by (Table 1.2; 
Figure 1.7): Pathfinder (1997), Mars Exploration Rovers (MER), with rovers Spirit (2004-2010) 
and Opportunity (2004-mid 2018), Phoenix (2008), Mars Science Laboratory (MSL) rover 
Curiosity (2012-present) and InSight (2018-present). 
For in-orbit missions, the main instruments used for atmospheric observation and dust 
characterisation have been based on thermal infrared sounding, visible imaging of aerosols, 
radio and UV occultation, and near-infrared spectroscopy. Surface-based observations tools 
have consisted of Sun and sky imaging, thermal infrared sounding, and meteorological 
instrument suites featured with sensors for measuring the near-surface temperature, pressure, 
temperature and wind velocity; in addition to accelerometers and sensor for retrieving the 
density and temperature during the entry, descent and landing phase of surface landers and 
rovers (Smith, 2008; James et al., 2017). Although orbital observations provide a more 
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complete spatial and temporal coverage, more modelling and retrieval assumptions are required 
as they cannot provide the observed “ground-truth” (Lemmon et al., 2015). 
For full descriptions of the spacecraft and instrumentation involved in the robotic exploration 
missions of Mars, the reader is referred to James et al. (2017) and references therein. Detailed 
reviews on the observations of the Martian atmosphere retrieved by those missions can be 
found in, e.g., Dlugach et al. (2003), Korablev et al. (2005), Smith (2008), and Kahre et al. 
(2017). 
 
Spacecraft Landing site Dates of operation Entry season (LS, in deg.) 
Entry local time 
(nearest hour) 
Viking Lander 1 22.7ºN, 48.2ºW July, 1976 – Nov., 1982 97 16:00 
Viking Lander 2 48.3ºN, 226.0ºW Sep., 1976 – Apr., 1980 118 10:00 
Pathfinder 19.1ºN, 33.2ºW July, 1997 – Sep., 1997 143 03:00 
MER-A “Spirit” 14.6ºS, 184.5ºW Jan., 2004 – Mar., 2010 328 14:00 
MER-B “Opportunity” 2.0ºS, 5.5ºW Jan., 2004 – June, 2018 339 13:00 
Phoenix 68.2ºN, 125.7ºW May, 2008 – Nov., 2008 77 16:00 
MSL “Curiosity” 4.6ºS, 222.6ºW Aug., 2012 – present 151 15:00 
InSight 4.5ºN, 224.4ºW Nov., 2018 – present 295 14:00 
Table 1.2. Summary of lander and rover missions. Successful spacecraft missions landed on the surface of Mars with 
locations, dates of operation, and the seasonal date and local time of entry, descent and landing (Smith et al., 2017). 
 
 
Figure 1.7. Mars missions landing sites. Map of Mars with successful missions landing sites. Source: Adapted from 













1.2.1. The Mars Science Laboratory mission 
The Mars Science Laboratory (MSL) mission was launched from Cape Canaveral (Florida, 
United States of America) on November 26, 2011; and landed on Mars near the base of Aeolis 
Mons, informally designated as “Mount Sharp”, inside the 150-km diameter Gale Crater (4.6º 
South, 137.4º East) on the 5th of August, 2012 (JPL, 2012). The main objective of the MSL 
mission is to study whether the Gale Crater site has evidence of past and present habitable 
environments, as proofs show that this site may have once filled with sediment and that Mount 
Sharp is an erosional remnant of that sediment (e.g., Milliken et al., 2010). These studies are 
part of a broader analysis of the past and present processes in Mars’ atmosphere and surface, 
and their influences in the habitability (Grotzinger et al., 2012). 
The core element of the MSL mission system is the rover Curiosity. This remotely operated 
surface exploration vehicle is equipped with a suite of diverse scientific instruments and payload 
for performing the relevant studies towards the mission objectives, including: cameras 
(Mastcam, MAHLI, MARDI), spectrometers (APXS, ChemCam, CheMin, SAM), radiation 
detectors (RAD, DAN) and an environmental station (REMS) (see Figure 1.8). The full details on 
MSL mission and its scientific payload can be found in Grotzinger et al. (2012) and references 
therein. Significant research efforts were placed to several MSL instruments for retrieving the 
atmospheric dust loading and studying the local environmental dust properties in Gale Crater, in 
order to contribute to the assessment of the atmospheric circulation and mesoscale phenomena 
near the surface, identify microscale weather systems, and determine whether Gale Crater is a 
source or sink within the dusty cycle in the current climate. These studies may be representative 
of what occurs in other regions with significant topographic contrast, commonly found on Mars. 
The diurnal dust opacity and its seasonal evolution were retrieved by Mastcam (Lemmon, 2014), 
REMS (Smith et al., 2016) and ChemCam (McConnochie et al., 2017). Dust particle size 
distribution analysis was performed by REMS (Vicente-Retortillo et al., 2017) and ChemCam 
(McConnochie et al, 2017).  
In addition to the set of science cameras listed above, the MSL rover is also equipped with a set 
of 12 engineering cameras: 4 Navigation Cameras (Navcam), and 8 Hazard Avoidance 
Cameras (Hazcam). MSL engineering cameras (or ECAMs) are build-to-print copies of the MER 
mission engineering cameras (Maki et al., 2003). Navcams are mounted in the rover’s mast and 
are featured with full-range pointing capacity (180º in elevation, 360º in azimuth) and have 45-
degree square field of view (FOV); while Hazcams are fixed to the rover chassis in the front and 
rear of the vehicle, with 124-degree square FOV. All of the cameras are equipped with a 
1024×1024 pixel detector and red/near-IR bandpass filters centred at 650 nm. The main 
objective of these imagers is to support the operation of the rover during its drive across the 
surface. The tasks assigned to the engineering cameras include: to monitor the terrain 
surrounding the vehicle, to provide stereo-imaging of the observation, to derive surface range 
maps for hazard detection and target designation purposes, and to support the operation of the 




Figure 1.8. Mars Science Laboratory mission. Left: Scientific payload onboard MSL rover Curiosity (Grotzinger et al., 
2012), and size comparison with a 1.75m tall person. Right: Gale Crater on Mars and landing ellipse (yellow). Image 
combines Mars Express, MRO and Viking data. Source:  NASA/JPL-Caltech/ESA/DLR/FU Berlin/MSSS. 
 
Figure 1.9. MSL rover Curiosity. Location of (a) Front Hazcams, (b) Rear Hazcams, and (c) Navcams onboard Curiosity. 


















1.3. Research motivation 
The motivation behind this research work is to contribute to Martian dust aerosol particle studies 
with observations retrieved with surface-based rover engineering cameras; providing an 
additional source of scientific data, increasing the number of available observations and 
expanding this way the time and seasonal coverage. 
Present and past Mars robotic exploration surface lander and rover missions have been 
equipped with science cameras with the ability of imaging the Sun, as they were featured with 
multispectral filter wheels (see review by Gunn and Cousins, 2016); and the retrieved 
observations were used to measure the atmospheric extinction and characterise the aerosol 
particle properties. However, in a cost-constrained future scenario for Mars and planetary 
exploration missions (Kicza and Vorder Bruegge, 1995; Whitcomb, 2003), imaging 
instrumentation with such technical specifications may be downgraded, or even not included; 
e.g., the recent Mars InSight mission as part of NASA’S Discovery Program low-cost missions 
to explore the solar system (Wolfe and Lemmon, 2015; Banerdt et al., 2013). 
Although not initially designed as a scientific instrument, images retrieved by Mars surface 
exploration missions’ engineering cameras may be used for atmospheric studies and 
characterising the dust environment. In addition to their nominal use for local site 
characterisation for navigation, hazard detection and avoidance, and the monitoring of other 
payload surface operations; it is possible to take advantage of the large number of retrieved 
images for the previous purposes and use them as an alternative source of scientific data 
(“opportunistic observations”) for the study of Martian aerosol properties and its atmospheric 
loading (e.g., Soderblom et al., 2008; Smith and Wolff, 2014; Moores et al., 2015; Moore et al., 
2016; Wolfe and Lemmon, 2015; Kloos et al., 2018). 
1.4. Aim and objectives 
The aim of this work is to retrieve and study the physical and radiative properties of Martian 
atmospheric dust aerosol, and characterising its seasonal and interannual variability using MSL 
engineering camera observations. Four specific objectives were identified that shaped the 
overall research methodology followed in this thesis: 
1.4.1. Observational data review and image processing 
To review the observation database accumulated by MSL navigation (Navcam) and hazard 
avoidance (Hazcam) cameras and identify the image files and sequences that can be used for 
studying the atmospheric dust particles. To generate the set of image processing routines, 
procedures and tools required for the retrieval of the angular distribution of Martian sky 




1.4.2. Radiative transfer model of Mars’ atmosphere 
Development and implementation of a multiple scattering plane-parallel radiative transfer model 
of the Martian atmosphere, and using the discrete ordinates algorithm for solving the equation. 
Definition of a parameterisation scheme for characterising airborne dust in Mars’ atmosphere 
using aerosol models for non-spherical particles. Implementation of a retrieval procedure based 
on the comparison of observations with sky radiance models. 
1.4.3. Retrieval of atmospheric dust loading and aerosol particle properties 
Retrieval of the column dust optical depth. Characterisation and constraint of dust aerosol 
particle physical and radiative properties, including: size distribution, shape of the particles and 
single scattering phase function. Analysis of the seasonal behaviour and inter-annual variation 
of the outcomes. Comparison of results with previous studies. To identify the capabilities, 
uncertainties and limitations of the observation dataset, instruments and the implemented 
retrieval methodology. 
1.4.4. Preparation of outcomes, procedures and tools for future studies 
Implementation of the developed radiative transfer scheme and the derived dust aerosol 
properties for Martian mesoscale model simulations. Customisation of the developed framework 
for the eventual processing and analysis of observation data retrieved by future missions, (e.g.: 
InSight, Mars 2020, and ExoMars 2020). 
1.5. Structure of the thesis 
In this first Chapter, the research interests behind the comparative studies of planetary 
atmospheres and the relevant role played by Mars have been introduced. The main 
characteristics of Mars’ atmosphere and its climate elements have been reviewed; with special 
emphasis on the airborne dust particles, which is the research subject of this dissertation. Next, 
a brief summary of the multiple exploration missions and research efforts placed on 
atmospheric studies have been performed, followed by an introduction to the Mars Science 
Laboratory (MSL) mission. Finally, the research motivations have been discussed and the aim 
and objectives of this research work have been stated. 
In Chapter 2, the theoretical background of this research study is provided, covering the 
fundamentals of radiative transfer in planetary atmospheres and light scattering by aerosol 
particles. 
Chapter 3 characterises Mars’ atmospheric dust aerosol properties and describes atmosphere 
model used in this research. First, a literature review of contributions from previous studies 
regarding the multiple instrumentation and associated observational data, the retrieval methods, 
technical implementations and selected modelling approach is presented. Subsequently, the 
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radiative transfer model of Mars atmosphere implemented for this current research is described 
covering: structure, atmospheric constituents considered, source of input data, and the 
computation codes used for modelling aerosol particles and solving the radiative transfer 
problem. 
In Chapter 4 the observational data used in this study is shown. First, the technical 
specifications and capabilities of MSL rover engineering cameras are overviewed. Next, the 
retrieved observational data are evaluated. Finally, the image processing details for the 
calibration of MSL Navcam and Hazcam observations and their validation are provided. 
Once all the aspects concerning the observation data, image processing and the radiative 
transfer modelling of Mars atmosphere have been covered, the observation-model comparison, 
retrieval results and analysis are treated in the following chapters. 
Chapter 5 covers the retrieval of atmospheric dust loading and dust aerosol sizes, whereas in 
Chapter 6 the retrieval of dust single scattering phase function and constraint of the shape of 
the particles is performed. These chapters share a similar structure. First, a brief introduction is 
provided covering the fundamentals of the retrieval techniques and the contributions from 
previous studies. Next, the observational data are described and following this, details of the 
Martian atmosphere model and the implemented methodology are provided. Finally, the results 
of the retrieval are presented and discussed, together with the uncertainties and sensitivity of 
the methodology. Both chapters have been published as independent studies in Icarus, the 
international peer-reviewed journal of solar system studies (Chen-Chen et al., 2019 a, b). 
Finally, in Chapter 7, a summary of the main findings of this research and future prospects are 
provided. 
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2. RADIATIVE TRANSFER AND LIGHT SCATTERING 
In the theory of the interaction of an electromagnetic wave with small particles, the problem of 
determining the scattering pattern produced by one particle given its size, shape and 
composition is called a “direct problem”. Conversely, the “inverse problem” consists in the 
analysis of the scattered radiation in order to describe the properties of the particles that are 
responsible for that pattern (Bohren and Huffman, 1983). 
The use of photometric observations for studying a planetary atmosphere such as that of the 
Earth or Mars requires the solution of the inverse radiative transfer problem: in order to interpret 
the observations, the radiative transfer equation needs to be solved taking into account the 
unknown radiative properties of atmospheric components (e.g., Yang and Gordon, 1998; 
Vermeulen et al, 2000). 
The radiative properties of the scattering particles describe the way atmospheric particles 
interact with the incoming radiation and are also required for calculating the aerosol radiative 
forcing in the atmosphere in climate models. However, their retrieval is not a trivial problem, 
since the radiative properties of aerosols are defined by the microphysical properties of the 
particles (size, shape, composition) which are often unknown. In addition, analytical solutions in 
the derivation of the radiative properties from the physical parameters only exist for 
homogeneous particles with specific geometries and for particular sizes when compared to the 
wavelength of illuminating source of radiation (e.g., Mie theory for spherical particles). For the 
rest of the cases, different assumptions are required regarding the particle properties, the 
physics involved, and the use of simplifications and computational methods. A complete review 
of light scattering theories and different computer codes can be found in Wriedt and Hellmers 
(2008), and Wriedt (2009). 
In this Chapter, first the formulation of the fundamental equations governing the radiative 
transfer in plane-parallel atmospheres is reviewed, together with the solution of the problem 
using the discrete ordinates method and its implementation in the DISORT code (Stamnes et al., 
1988). Reference works on the solution of the radiative transfer equations can be found in, 
Chandrasekhar (1960), Thomas and Stamnes (1999), and Liou (2002). DISORT code details 
are provided in Stamnes et al. (2000) and Laszlo et al. (2016). 
Next, a brief summary of the theoretical background of light scattering by aerosols and the 
calculation and modelling of aerosol radiative properties is provided. The detailed formulation 
and derivation is beyond the scope of this dissertation, for further information the reader is 
referred to excellent monographs by, e.g., van de Hulst (1957), Hansen and Travis (1974), 
Bohren and Huffman (1983), Mishchenko (2000), and Liou (2002). 
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2.1. Radiative transfer in planetary atmospheres 
2.1.1. Definitions and equation of radiative transfer 
Let’s assume a planetary atmosphere considered as a plane-parallel horizontally homogeneous 
stratified semi-infinite medium. The location in this medium is specified by one vertical 
coordinate: the optical depth, 𝜏. This variable is measured from top-down: 𝜏 at the top of the 
atmosphere (TOA) is equal to 0, and 𝜏 at surface is the column optical depth or total opacity.  
Directions are described by two angular coordinates: the cosine of the polar or zenith angle (𝜇), 
and the azimuth angle (𝜙). Polar or zenith angles are measured from the upward direction, 
therefore, all upward directions have positive polar angle cosines ( +𝜇 ), while downward 
intensities have negative polar angle cosines (−𝜇). For historical reasons, the cosine of the 
incident beam polar angle (𝜇0) is taken positive (Stamnes et al., 2000). Azimuth angles (𝜙) are 
measured in an absolute frame of reference, from 0º to 360º. 
The optical properties of each layer are characterised by its optical thickness (difference of the 
bottom- and top-layer optical depth), the single scattering albedo (𝜔0), which gives the fraction 
of an incident beam which is scattered by an infinitesimal volume inside the medium (the 
remainder being absorbed), and the single scattering phase function (𝑃), which describes how 
much radiation incident from a given direction (𝜇, 𝜙) is scattered by that volume into another 
direction (𝜇′, 𝜙′), i.e., the angular scattering pattern. (Figure 2.1). 
The equation describing the transfer of monochromatic radiation at wavelength 𝜆 through the 
medium, subject to internal emission in local thermodynamic equilibrium and illuminated at the 
top boundary by a parallel beam in the direction 𝜇0, 𝜙0 is described with: 




= 𝐼(𝜏, 𝜇, 𝜙) − 𝑆(𝜏, 𝜇, 𝜙) (2.2) 
𝐼𝑑𝑖𝑟𝑒𝑐𝑡 is the intensity of the direct beam at vertical optical depth 𝜏, 𝐹0 is the flux (irradiance) of 
the parallel beam normal to the direction of incidence at the top boundary, and 𝛿 is the delta 
function. 𝐼 is the diffuse specific intensity at 𝜏 in a cone of unit solid angle along direction 𝜇, 𝜙, 
and 𝑆 is the “source function”.  
The source function 𝑆 is the sum of the radiation scattered into the direction 𝜇, 𝜙 from all other 
directions 𝜇′, 𝜙′ ; the “pseudobeam” source term 𝑄(𝑏𝑒𝑎𝑚) , and the internal thermal source 
𝑄(𝑡ℎ𝑒𝑟𝑚𝑎𝑙) , characterised by the Planck function 𝐵(𝑇) at temperature 𝑇 at optical depth 𝜏  (cf. 
Stamnes et al., 2000; Liou, 2002): 
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𝑆(𝜏, 𝜇, 𝜙) =
𝜔0(𝜏)
4𝜋










𝑄(𝑏𝑒𝑎𝑚)(𝜏, 𝜇, 𝜙) =
𝜔0(𝜏)
4𝜋
𝑃(𝜏, 𝜇, 𝜙; −𝜇0, 𝜙0)𝐹0𝑒−𝜏 𝜇0⁄  
𝑄(𝑡ℎ𝑒𝑟𝑚𝑎𝑙)(𝜏) = {1 − 𝜔0(𝜏)}𝐵[𝑇(𝜏)] 
(2.4) 
Except for the angular quantities, all the terms presented in equations (2.1) to (2.4) depend on 
the wavelength of radiation, 𝜆, which is omitted from the equations for simplicity. In particular, 
DISORT code makes no explicit use of wavelength except in the calculation of the Planck 
function, which requires a wavelength interval (Stamnes et al., 2000). 
The term “diffuse” radiation or intensity is associated with multiple scattering processes, 
described by the first term of the source function in eq. (2.3), and is differentiated from the 
“direct” solar radiation or intensity (Liou, 2002). 
Equation (2.1) gives the solution for the transfer of the direct beam radiation, while the solution 
of (2.2) provides the diffuse radiation propagating in the direction 𝜇, 𝜙 at the optical depth 𝜏. 
The solution of (2.2) using the discrete ordinates method implemented in the DISORT code 
(Stamnes et al., 2000) is comprised of three main steps: 1) transforming the equation (2.2) into 
a system of equations which are functions of the vertical coordinate 𝜏  and the angular 𝜇 
coordinate only (i.e., separation of azimuthal 𝜙 -dependence); 2) transforming the resulting 
integro-differential equations into a system of ordinary differential equations; and 3) solving the 
system of ordinary differential equations using robust linear algebra solvers. 
 
Figure 2.1. Radiative transfer calculations references in DISORT. Left: definition of upward and downward directions. 



















Δτp , ω0p , Pp
Δτ1 , ω01 , P1
Δτ2 , ω02 , P2







μ’ = cos (𝜗’ )
μ = cos (𝜗 )
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2.1.2. Separation of azimuthal dependence 
The scatterers in the medium are assumed to have random orientations; therefore, 𝜔 does not 
explicitly depend on the direction of the incident beam, and the phase function 𝑃 depends only 
on the angle between the incident and scattered beam, not on the incident and scattered 
directions separately: 
 𝑃(𝜏, 𝜇, 𝜙; 𝜇′, 𝜙′) = 𝑃(𝜏, cos 𝜃) (2.5) 
where 𝜃 is the scattering angle. Using the cosine law of spherical trigonometry: 
 cos 𝜃 = 𝜇𝜇′ + �(1 − 𝜇2)(1 − 𝜇′2) · cos (𝜙 − 𝜙′) (2.6) 
This fact can be used to factor out the azimuthal dependence in expressions (2.2) and (2.3). 
The phase function is expanded in a series Legendre polynomials, 𝑃𝑙  with 2M terms ( 𝑙 =
0,1, … , 2𝑀 − 1): 












Considering phase functions as probability distributions, these are normalised to unity so 𝑔0 = 1; 
𝑔1  is the ”asymmetry factor” and usually ranges from 0.6 to 0.9 for aerosols in the solar 
spectrum (Stamnes et al., 2000). The 𝑔 terms generally decrease monotonically, so a finite 
number of terms 2M in the Legendre expansion are expected to be sufficient. 
Next, the addition theorem for spherical harmonics (Chandrasekhar, 1960, Chap. 6, Eq. 86; 
Thomas and Stamnes, 1999, Eq. 6.30) is applied to (2.7) resulting in: 






cos 𝑚(𝜙 − 𝜙′) (2.9) 
The Λ𝑙𝑚  are the normalised associated Legendre polynomials related to the associated 
Legendre polynomials 𝑃𝑙𝑚: 
 Λ𝑙𝑚(𝜇) = �
(𝑙 − 𝑚)!
(𝑙 + 𝑚)!
 𝑃𝑙𝑚(𝜇) (2.10) 
Since expression (2.9) is essentially a Fourier expansion of the phase function 𝑃 in azimuth (𝜙), 
the final step in factoring out the 𝜙 –dependence is to similarly expand the intensity in a Fourier 
cosine series: 
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 𝐼(𝜏, 𝜇, 𝜙) = � 𝐼𝑚(𝜏, 𝜇)
2𝑀−1
𝑚=0
cos 𝑚(𝜙0 − 𝜙) (2.11) 
The substitution of this equation (2.11), as well as expressions (2.3) and (2.11) into the radiative 
transfer equation (2.2), splits it into 2M independent integro-differential equations, one for each 




= 𝐼𝑚(𝜏, 𝜇) − 𝑆𝑚(𝜏, 𝜇), (𝑚 = 0, 1, … , 2𝑀 − 1) (2.12) 
where the source function 𝑆 is defined by: 
 𝑆𝑚(𝜏, 𝜇) = � 𝐷𝑚(𝜏, 𝜇, 𝜇′)𝐼𝑚(𝜏, 𝜇′)d𝜇′ 
+1
−1
+ 𝑄𝑚(𝜏, 𝜇) (2.13) 
and 𝐷𝑚 and 𝑄𝑚 are: 
 𝐷𝑚(𝜏, 𝜇, 𝜇′) =
𝜔0(𝜏)
2




 𝑄𝑚(𝜏, 𝜇) = 𝑋0𝑚(𝜏, 𝜇)𝑒−𝜏 𝜇0⁄ + 𝛿0𝑚𝑄(𝑡ℎ𝑒𝑟𝑚𝑎𝑙)(𝜏) (2.15) 
with: 
 𝑋0𝑚(𝜏, 𝜇) =
𝜔0(𝜏)𝐹0
2




and 𝛿0𝑚 is the Kronecker delta: 𝛿0𝑚 = 1 for 𝑚 =  0; and otherwise 𝛿0𝑚 = 0.  
In summary, this procedure transforms (2.2) into a set of equations (2.12) which do not depend 
on the azimuth angle (𝜙). In addition, it uncouples the various Fourier components 𝐼𝑚 in (2.12); 
i.e., 𝐼𝑚 does not depend on any 𝐼𝑚+𝑘 for 𝑘 ≠ 0. In particular, the only place where the azimuthal 
angles are used in the discrete ordinates method code is in reconstructing the intensity from 
equation (2.11) at the end of the computations (Stamnes et al., 2000). 
2.1.3. Discrete Ordinate Approximation: Matrix formulation 
The steps presented so far are common to multiple approaches used to solve the radiative 
transfer equation (2.2). In the discrete ordinates method, the integral in (2.13) is approximated 
by a quadrature sum. For convenience purposes, an even-number of quadrature angles 2N in 
the quadrature sum are chosen in order to have the same number of polar angle cosines for +𝜇 
as for −𝜇 . Therefore, the substitution of the integral with a quadrature sum transforms the 
integro-differential equations in (2.12) into the following system of ordinary differential equations: 





= 𝐼𝑚(𝜏, 𝜇𝑖) − 𝑆𝑚(𝜏, 𝜇𝑖), (𝑖 = ±1, … , ±𝑁) (2.17) 
Each 𝜇𝑖 is called a “stream” and (2.17) represents a “2N stream approximation”. When equation 
(2.13) is written in quadrature form, 𝑆𝑚  becomes a linear combination of 𝐼𝑚  values at all 
quadrature angles 𝜇𝑗 (𝑗 = ±1, … , ±𝑁), 
 𝑆




+ 𝑄𝑚(𝜏, 𝜇𝑖) (2.18) 
which makes the system (2.17) coupled in 𝑖, but not in 𝑚. The discretes ordinates method code 
(DISORT, Stamnes et al., 2000) draws the 𝜇𝑖 from a Gaussain quadrature rule for [0, 1] and has 
them mirror symmetric ( 𝜇−𝑖 = −𝜇𝑖 , where 𝜇𝑖 > 0 ) with weights 𝑤−𝑖 = 𝑤𝑖  (Double-Gauss 
quadrature). 
When applying the discrete ordinate equations to the previously defined plane-parallel vertical 
inhomogeneous medium, the coefficients 𝐷𝑚  in (2.18) are functions of 𝜏; this 𝜏 -dependence 
makes (2.17) a system of 2N coupled differential equations with non-constant coefficients, with 
no closed-form analytic solution. To obtain analytic solutions, DISORT assumes that the 
medium consists of L adjacent homogeneous layers (layered medium); the single scattering 
albedo (𝜔) and phase function (𝑃) are assumed to be constant within each layer, but allowed to 
vary from layer to layer (horizontally homogeneous, vertically inhomogeneous) (Figure 2.1) 
For better understanding purposes, prior to the presentation of the multi-stream case, the 
equations system in (2.17) particularised for a four-stream case (N = 2) is first provided. 
Although for the two-stream case (N = 1) the resulting system are simpler, the real structure can 
be better appreciated in the four-stream case (Laszlo et al., 2016). See Stamnes et al. (2000) 
for the two-stream version. For comprehensive discussion of the two-stream method the reader 
is referred to, e.g., Meador and Weaver (1980), Toon et al. (1989), and Thomas and Stamnes 
(1999).  
Four-stream approximation (N = 2) 
The four-stream approximation is obtained by setting N = 2 in (2.17) and (2.18), obtaining four 
coupled differential equations, one for each stream. Recalling the Gaussian quadrature rule 
applied, dividing both sides by the 𝜇’s, rearranging the terms and ordering them according to the 

















































where the quantities are defined as (dependence of 𝐼𝑚  and 𝑄𝑚  with 𝜏  has been omitted for 
clarification purposes): 
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 𝑄′𝑚(±𝜇𝑖) = ±𝜇𝑖−1𝑄𝑚(±𝜇𝑖), (𝑖 = 1,2);  (2.20) 
 
𝛼11 = 𝜇1−1[𝑤1𝐷𝑚(𝜇1, 𝜇1) − 1] = 𝜇1−1[𝑤1𝐷𝑚(−𝜇1, −𝜇1) − 1], 
𝛼22 = 𝜇2−1[𝑤2𝐷𝑚(𝜇2, 𝜇2) − 1] = 𝜇2−1[𝑤2𝐷𝑚(−𝜇2, −𝜇2) − 1], 
𝛼12 = 𝜇1−1𝑤2𝐷𝑚(𝜇1, 𝜇2) = 𝜇1−1𝑤2𝐷𝑚(−𝜇1, −𝜇2), 




𝛽11 = 𝜇1−1𝑤1𝐷𝑚(𝜇1, −𝜇1) = 𝜇1−1𝑤1𝐷𝑚(−𝜇1, 𝜇1),  
𝛽22 = 𝜇2−1𝑤2𝐷𝑚(𝜇2, −𝜇2) = 𝜇2−1𝑤2𝐷𝑚(−𝜇2, 𝜇2),  
𝛽12 = 𝜇1−1𝑤2𝐷𝑚(𝜇1, −𝜇2) = 𝜇1−1𝑤2𝐷𝑚(−𝜇1, 𝜇2),  
𝛽21 = 𝜇2−1𝑤1𝐷𝑚(𝜇2, −𝜇1) = 𝜇2−1𝑤1𝐷𝑚(−𝜇2, 𝜇1),  
(2.22) 
The symmetry properties of 𝐷𝑚 , such that 𝐷𝑚(𝜇, 𝜇′) = 𝐷𝑚(−𝜇, −𝜇′) , as a consequence of 
equation (2.14), and the fact that Λ𝑙𝑚(−𝜇) = (−1)𝑙+𝑚Λ𝑙𝑚(𝜇) , are used for deriving the 
expressions (2.21) and (2.22). 
By introducing the following vectors 
 𝐈± = {𝐼𝑚(𝜏, ±𝜇𝑖)}, 𝐐′± = {𝑄′(𝜏, ±𝜇𝑖)}, (𝑖 = 1,2), (2.23) 
and the matrices 
 𝛂 = �
𝛼11 𝛼12























(𝜇1, 𝜇1) 𝐷(𝜇1, 𝜇2)
𝐷(𝜇2, 𝜇1) 𝐷(𝜇2, 𝜇2)
� �𝑤1 00 𝑤2
� − �1 00 1�� 




(−𝜇1, −𝜇1) 𝐷(−𝜇1, −𝜇2)
𝐷(−𝜇2, −𝜇1) 𝐷(−𝜇2, −𝜇2)
� �𝑤1 00 𝑤2
� − �1 00 1�� 







(𝜇1, −𝜇1) 𝐷(𝜇1, −𝜇2)
𝐷(𝜇2, −𝜇1) 𝐷(𝜇2, −𝜇2)
� �𝑤1 00 𝑤2
�� 




(−𝜇1, 𝜇1) 𝐷(−𝜇1, 𝜇2)
𝐷(−𝜇2, 𝜇1) 𝐷(−𝜇2, 𝜇2)
� �𝑤1 00 𝑤2
�� 
    = 𝐌−𝟏{𝐃−𝐖} 
(2.27) 
 




𝐌 = �𝜇𝑖𝛿𝑖𝑗�, 𝐖 = �𝑤𝑖𝛿𝑖𝑗�, 𝟏 = �𝛿𝑖𝑗�, 
𝐃+ = �𝐷𝑚�𝜇𝑖, 𝜇𝑗�� = �𝐷𝑚�−𝜇𝑖 , −𝜇𝑗��,  
𝐃− = �𝐷𝑚�−𝜇𝑖 , 𝜇𝑗�� = �𝐷𝑚�𝜇𝑖 , −𝜇𝑗��, 
𝑖, 𝑗 = 1,2 
(2.28) 
Multiple stream approximation (N arbitrary) 
Based on the preceding sketch of the four-stream case, it should be straightforward the 
generalisation to 2N streams. 













where the matrix elements are now defined in a more general way as: 
 
𝐈± = {𝐼𝑚(𝜏, ±𝜇𝑖)}, 𝑖 = 1, … , 𝑁, 
𝐐′± = 𝐌−𝟏𝐐±,  
𝐐± = {𝑄𝑚(𝜏, ±𝜇𝑖)}, 𝑖 = 1, … , 𝑁, 




𝛂 = 𝐌−𝟏{𝐃+𝐖 − 𝟏}, 
𝛃 = 𝐌−𝟏{𝐃−𝐖},  
𝐖 = �𝑤𝑖𝛿𝑖𝑗�, 𝑖, 𝑗 = 1, … , 𝑁, 
𝟏 = �𝛿𝑖𝑗�, 𝑖, 𝑗 = 1, … , 𝑁, 
𝐃+ = �𝐷𝑚�𝜇𝑖 , 𝜇𝑗�� = �𝐷𝑚�−𝜇𝑖, −𝜇𝑗��, 𝑖, 𝑗 = 1, … , 𝑁, 
𝐃− = �𝐷𝑚�−𝜇𝑖 , 𝜇𝑗�� = �𝐷𝑚�𝜇𝑖, −𝜇𝑗��, 𝑖, 𝑗 = 1, … , 𝑁, 
(2.31) 
where 𝟏 corresponds to the identity matrix to distinguish it from the intensity vectors. 
2.1.4. Discrete Ordinate Approximation: Solution 
The ordinary differential equations in (2.17) are linear in the intensity, these problems are solved 
by finding the general solution, which is the sum of the homogeneous and particular solutions, 
and is also required to satisfy the boundary conditions. 
In the following lines a brief summary of this process is provided, for full formulation details of 
the mathematical derivation, code implementation and computation of solutions the reader is 
referred to Stamnes et al. (2000), Laszlo et al. (2016). 
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Homogeneous solution 
Equation (2.29) is a system of 2N coupled, ordinary differential equations with constant 
coefficients, these coupled equations are linear and they can be uncoupled. Solutions to the 
homogeneous version of (2.29) (𝐐′ = 0) are seeked in the usual form of, 
 𝐈± = 𝐆±e−𝑘𝜏 , 𝐆± = {𝐺(±𝜇𝑖)}, (𝑖 = 1, . . , 𝑁), (2.32) 










Equation (2.33) is a standard algebraic eigenvalue problem of order 2N × 2N and its solution 
determines the eigenvalues 𝑘 and eigenvectos 𝐆±. 
Because of the special structure of the matrix in (2.29), the eigenvalues result in 
positive/negative pairs and the order of the algebraic problem is reduced (see, e.g., Stamnes et 
al., 2000). The resulting homogeneous solution can be written as: 





, (𝑖 = −𝑁, … , −1, 1, … , 𝑁)  (2.34) 
where 𝑘 and 𝐺𝑗 are the complete set of eigenvalues and eigenvectors, respectively, and 𝐶𝑗 are 
2N integration constants. 
Particular solution 
In order to obtain the particular solution, the inhomogeneous term in the beam and thermal 
sources in (2.4) are considered separately, and then the solutions are combined. For beam 
sources with the form of 𝑄(𝑏𝑒𝑎𝑚) = 𝑋0(𝜇)e−𝜏 𝜇0⁄  (2.16), the particular solution is (𝑚-superscripts 
omitted): 
  𝐼(𝜏, 𝜇𝑖) = 𝑍0(𝜇𝑖)e−𝜏 𝜇0⁄   (2.35) 
where 𝑍0 are determined by the following standard system of 2N linear algebraic equations 
 � ��1 +
𝜇𝑗
𝜇𝑖




𝑍0�𝜇𝑗� = 𝑋0(𝜇𝑖), (𝑖 = ±1, … , ±𝑁)  (2.36) 
For thermal sources, the emitted radiation is isotropic, therefore 𝑄0(𝜏) = (1 − 𝜔)𝐵[𝑇(𝜏)]; and 
𝑄𝑚(𝜏) = 0 for 𝑚 > 0. The Planck function 𝐵 is assumed by DISORT to vary linearly in optical 
depth across each layer, 𝐵[𝑇(𝜏)] = 𝑏0 + 𝑏1𝜏, and the two coefficients 𝑏0, 𝑏1 are derived with the 
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boundary conditions at top and bottom layers 𝜏𝑡𝑜𝑝  and 𝜏𝑏𝑜𝑡𝑡𝑜𝑚 , where the temperatures are 
known. The thermal source term then has the form: 
  𝑄(𝑡ℎ𝑒𝑟𝑚𝑎𝑙)(𝜏) = (1 − 𝜔0)(𝑏0 + 𝑏1𝜏),  (2.37) 
thus leading to expressions for the particular solutions of: 
 𝐼(𝜏, 𝜇𝑖) = 𝑌0(𝜇𝑖) + 𝑌1(𝜇𝑖)𝜏  (2.38) 
Substituting (2.38) in (2.17) returns a system of linear algebraic equations for  𝑌0(𝜇𝑖) and 𝑌1(𝜇𝑖): 
 




𝑌1�𝜇𝑗� = (1 − 𝜔)𝑏1  




𝑌0�𝜇𝑗� = (1 − 𝜔)𝑏0 + 𝜇𝑖𝑌1(𝜇𝑖) 
(2.39) 
General solution 
The general solution of (2.17) consists of a linear combination of all the homogeneous solutions, 
plus the particular solutions for beam and thermal emission sources: 





+ 𝑍0(𝜇𝑖)e−𝜏 𝜇0⁄ + 𝛿𝑚0[𝑌0(𝜇𝑖) + 𝑌1(𝜇𝑖)𝜏] (2.40) 
The 𝑘𝑗 and 𝐺𝑗(𝜇𝑖) for 𝑗 ≠ 0 are respectively the eigenvalues and eigenvectors, 𝜇𝑖 the cosine of 
the quadrature angles, and 𝐶𝑗 the constants of integration, to be determined by the boundary 
and layer continuity conditions. 
Intensity at arbitrary angles 
Equation (2.40) returns intensities at the 2N quadrature points. Intensities at directions not 
coinciding with the quadrature points are calculated from the formal solution of (2.12). For a slab 
of optical thickness 𝜏𝐿 this solution is: 
 













where 𝜇 > 0  and the 𝑚 –superscript is omitted.If the source function 𝑆(𝑡, ±𝜇)  is known, the 
intensity at arbitrary angles can be derived by integrating 𝑆. Using (2.15) with (2.38) the source 
function (2.13) can be written as: 
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 𝑆




+ 𝑋0(𝜇)e−𝜏 𝜇0⁄ + 𝛿𝑚0(1 − 𝜔0)(𝑏0 + 𝑏1𝜏) (2.42) 
Substituting the general solution for 𝐼(𝜏, 𝜇𝑖) (2.40) in (2.42) returns (𝑚-superscripts are omitted): 
 𝑆(𝜏, 𝜇) = � 𝐶𝑗𝐺𝑗(𝜇)e−𝑘𝑗𝜏
𝑁
𝑗=−𝑁
+ 𝛿𝑚0[𝑉0(𝜇) + 𝑉1(𝜇)𝜏], (2.43) 
where 
 




𝑍0(𝜇𝑖) + 𝑋0(𝜇), 𝑘0 = 1 𝜇0⁄   




𝐺𝑗(𝜇𝑖), for 𝑗 ≠ 0, and 




𝑌𝑙(𝜇𝑖) + (1 − 𝜔0)𝑏𝑙 , (𝑙 = 1, 0) 
(2.44) 
In the equations above the 𝑚-superscript is omitted, however, in 𝐷0is explicitly written to remind 
that thermal emissions contributes only to the azimuth-independent component of the intensity. 
In a multilayered medium the integral in (2.41) is evaluated by integrating layer-by-layer as 





















































Using the 𝑆𝑛(𝑡, 𝜇) expression given in (2.43) and substituting in (2.45), the intensities at 𝜏 in 
layer 𝑝 are: 
 𝐼(𝜏, +𝜇) = 𝐼(𝜏𝐿 , +𝜇)e
−(𝜏𝐿−𝜏)


























𝐸𝑗𝑛(𝜏, +𝜇) = exp�−𝑘𝑗𝑛𝜏𝑛−1 − (𝜏𝑛−1 − 𝜏) 𝜇⁄ � − exp�−𝑘𝑗𝑛𝜏𝑛 − (𝜏𝑛 − 𝜏) 𝜇⁄ �,  
𝐹0𝑛(𝜏, +𝜇) = exp{−(𝜏𝑛−1 − 𝜏) 𝜇⁄ } − exp{−(𝜏𝑛 − 𝜏) 𝜇⁄ },  
𝐹1𝑛(𝜏, +𝜇) = (𝜏𝑛−1 + 𝜇) exp{−(𝜏𝑛−1 − 𝜏) 𝜇⁄ } − (𝜏𝑛 + 𝜇)exp{−(𝜏𝑛 − 𝜏) 𝜇⁄ },  
(2.48) 
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with 𝜏𝑛−1 replaced by 𝜏 for 𝑛 = 𝑝, and 
 
𝐸𝑗𝑛(𝜏, −𝜇) = exp�−𝑘𝑗𝑛𝜏𝑛 − (𝜏 − 𝜏𝑛) 𝜇⁄ � − exp�−𝑘𝑗𝑛𝜏𝑛−1 − (𝜏 − 𝜏𝑛−1) 𝜇⁄ �,  
𝐹0𝑛(𝜏, −𝜇) = exp{−(𝜏 − 𝜏𝑛) 𝜇⁄ } − exp{−(𝜏 − 𝜏𝑛−1) 𝜇⁄ },  
𝐹1𝑛(𝜏, −𝜇) = (𝜏𝑛 − 𝜇) exp{−(𝜏 − 𝜏𝑛) 𝜇⁄ } − (𝜏𝑛−1 − 𝜇)exp{−(𝜏 − 𝜏𝑛−1) 𝜇⁄ },  
(2.49) 
with 𝜏𝑛 replaced by 𝜏 for 𝑛 = 𝑝. 
Boundary conditions 
The resulting system of ordinary equations for solving the radiative transfer must be solved 
subject to multiple boundary conditions. At the top boundary, it is assumed that the medium is 
illuminated by a combination of known isotropic diffuse radiation and parallel beam treated as a 
pseudosource. The bottom boundary is characterised with a known bidirectional reflectance 
distribution function (BRDF) 𝜌𝑑(𝜇, 𝜙; −𝜇′, 𝜙′), and thermal emission specified in terms of the 
Planck function 𝐵 and directional emissivity 𝜀(𝜇): 
 
𝐼(𝜏 = 0, −𝜇, 𝜙)  = 𝐼𝑡𝑜𝑝(𝜇, 𝜙) = 𝐼𝑑𝑖𝑓𝑓𝑢𝑠𝑒 + 𝐹0𝛿(𝜇 − 𝜇0)𝛿(𝜙 − 𝜙0),  
𝐼(𝜏 = 𝜏𝐿 , +𝜇, 𝜙) = 𝐼𝑔(𝜇, 𝜙)    = 𝜀(𝜇)𝐵�𝑇𝑔� +
1
𝜋
𝜇0𝐹0e−𝜏𝐿 𝜇0⁄ 𝜌𝑑(𝜇, 𝜙; −𝜇′, 𝜙′)  






� 𝜌𝑑(𝜇, 𝜙; −𝜇′, 𝜙′)
1
0
𝐼(𝜏𝐿 , −𝜇′, −𝜙′)𝜇′d𝜇′. 
(2.50) 
where 𝐼𝑡𝑜𝑝 and 𝐼𝑔are the intensities incident at the top and bottom boundaries, respectively; 𝜏𝐿 is 
the total optical depth of the entire medium (column optical depth or opacity). 𝐹0 is the flux of 
incident beam normal to the direction of incidence at the top boundary. 
It is also assumed that the lower boundary is totally opaque and has no preferred direction; in 
other words, the surface BRDF depends only on the difference between incident and reflected 
radiation azimuthal angles and is symmetric about the principal plane, thus allowing the 
expansion of 𝜌𝑑(𝜇, 𝜙; −𝜇′, 𝜙′) in a Fourier series of 2M terms, in a similar way to (2.11): 
 
𝜌𝑑(𝜇, 𝜙; −𝜇′, 𝜙′) = 𝜌𝑑(𝜇, −𝜇′; 𝜙 − 𝜙′) = � 𝜌𝑑𝑚(𝜇, −𝜇′)
2𝑀−1
𝑚=0
cos 𝑚(𝜙0 − 𝜙), 
𝜌𝑑𝑚(𝜇, −𝜇′) = (2 − 𝛿𝑚0)
1
𝜋





Substituting (2.51) into the second equation of (2.50) and using the Fourier expansion of the 
intensity, the bottom boundary condition results in 
 
𝐼(𝜏𝐿 , +𝜇) ≡ 𝐼𝑔𝑚(𝜇) ≡ 𝛿𝑚0𝜀(𝜇)𝐵�𝑇𝑔� +
1
𝜋
𝜇0𝐹0𝑒−𝜏𝐿 𝜇0⁄ 𝜌𝑑𝑚(𝜇, −𝜇0) 





2. RADIATIVE TRANSFER AND LIGHT SCATTERING 
47 
In addition, it is required that in the multilayered medium the intensity must be continuous 
across layer interfaces. Therefore, the boundary and continuity conditions for equation (2.17) 
are: 
 
𝐼1𝑚(0, −𝜇𝑖)   = 𝐼𝑡𝑜𝑝𝑚 (𝜇𝑖),                (𝑖 = 1, … , 𝑁);  
𝐼𝑝𝑚�𝜏𝑝, 𝜇𝑖�    = 𝐼𝑝+1𝑚 �𝜏𝑝, 𝜇𝑖�, (𝑝 = 1, … , 𝐿;    𝑖 = ±1, … , ±𝑁); 
𝐼𝐿𝑚(𝜏𝐿 , +𝜇𝑖) = 𝐼𝑔𝑚(𝜇𝑖),                  (𝑖 = 1, … , 𝑁); 
(2.53) 
For the discussion of the boundary conditions, the discrete ordinate solution (2.40) for the 𝑝-th 
layer is rewritten below in the following form: 
 𝐼𝑝(𝜏, 𝜇𝑖) = ��𝐶𝑗𝑝𝐺𝑗𝑝(𝜇𝑖)e−𝑘𝑗𝑝𝜏 + 𝐶−𝑗𝑝𝐺−𝑗𝑝(𝜇𝑖)e+𝑘𝑗𝑝𝜏�
𝑁
𝑗=1
+ 𝑈𝑝(𝜏, 𝜇𝑖) (2.54) 
where 𝑘𝑗𝑝 > 0 and 𝑘−𝑗𝑝 = −𝑘𝑗𝑝 , and the sum contains the homogeneous solution involving the 
unknown coefficients 𝐶𝑗𝑝 to be determined, and 𝑈𝑝 is the particular solution given by: 
 𝑈𝑝(𝜏, 𝜇𝑖) = 𝑍0(𝜇𝑖)e−𝜏 𝜇0⁄ + 𝛿𝑚0[𝑌0(𝜇𝑖) + 𝑌1(𝜇𝑖)𝜏] (2.55) 
Inserting (2.54) into (2.53) results in: 
 ��𝐶𝑗1𝐺𝑗1(−𝜇𝑖) + 𝐶−𝑗1𝐺−𝑗1(−𝜇𝑖)�
𝑁
𝑗=1








= 𝑈𝑝+1�𝜏𝑝, 𝜇𝑖� − 𝑈𝑝�𝜏𝑝, 𝜇𝑖�, {𝑝 = 1, . . , 𝐿 − 1;  𝑖 = ±1, … , ±𝑁}; 
(2.57) 
 ��𝐶𝑗𝐿𝑟𝑗𝐿(𝜇𝑖)𝐺𝑗𝐿(𝜇𝑖)e−𝑘𝑗𝐿𝜏𝐿 + 𝐶−𝑗𝐿𝑟−𝑗𝐿(𝜇𝑖)𝐺−𝑗𝐿(𝜇𝑖)e𝑘𝑗𝐿𝜏𝐿�
𝑁
𝑗=1
= 𝛤(𝜏𝐿 , 𝜇𝑖), {𝑖 = 1, … , 𝑁}; (2.58) 
where 





𝛤(𝜏𝐿 , 𝜇𝑖) = 𝛿𝑚0𝜀(𝜇𝑖)𝐵�𝑇𝑔� − 𝑈𝐿(𝜏𝐿 , +𝜇𝑖) +
1
𝜋
𝜇0𝐹0e−𝜏𝐿 𝜇0⁄ 𝜌𝑑(𝜇𝑖 , −𝜇0)





Equations (2.56)-(2.58) form a (2𝑁 × 𝐿) × (2𝑛 × 𝐿) system of linear algebraic equations, from 
which the 2𝑁 × 𝐿  unknown coefficients 𝐶𝑗𝑝 (𝑗 = ±1, … , 𝑁;  𝑝 = 1, . . , 𝐿)  must be determined for 
deriving the complete solution of the radiative transfer within the discrete ordinate approximation. 
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2.2. Light scattering by aerosol particles 
The scattering of light by an arbitrary non-spherical particle located at the origin of a spherical 
coordinate system can be described with, a plane electromagnetic wave incident in a direction 
specified by the unit vector 𝐧inc given by (e.g., Mishchenko et al., 2000; 2006): 
 𝐄inc(𝐑) = 𝐄inc exp(𝑖𝑘nincR) = �𝐸𝜗inc𝝑inc + 𝐸𝜑inc𝝋inc� exp(𝑖𝑘𝐧inc𝐑), (2.61) 
where 𝑖 = (−1)1 2⁄ , 𝑘 = 2𝜋 𝜆⁄  for free-space wavelength 𝜆, 𝐑 is the radius vector with its origin at 
the origin of the coordinate system, and 𝝑inc  and 𝝋inc  are the unit vectors in the 𝜗- and 𝜑-
directions, such that 𝐧inc = 𝝑inc × 𝝋inc . The time factor exp(−𝑖𝜔𝑡)  is assumed and is 
suppressed through this text only for simplification. In the far-field region (𝑘𝑅 ≫ 1), the scattered 
wave becomes spherical and is given by 
 𝐄sca(𝐑) = 𝐸𝜗sca(𝑅, 𝐧sca)𝝑sca + 𝐸𝜑sca(𝑅, 𝐧sca)𝝋sca,     𝐧sca = 𝐑 𝑅⁄ ,     𝑘𝑅 ≫ 1, (2.62) 











where 𝐒  is the 2 × 2  amplitude scattering matrix which transforms the electric vector 
components of the incident wave into the components of the scattered wave. 
The amplitude scattering matrix is the primary quantity that defines the scattering law; it 
depends on the directions of incidence and scattering, as well as on the size, shape, orientation 
and composition of the scattering particle. If known, it enables to compute any other light 
scattering characteristic of the particle, i.e., the radiative properties. 
The scattering of light by a particle is completely described by the extinction ( 𝐶ext ) and 
scattering ( 𝐶sca ) cross-sections, and the dimensionless scattering matrix 𝑷  (Bohren and 













where 𝜃  denotes the scattering angle, i.e. the angle between the incident and scattered 
directions. 
The scattering matrix describes the transformation of the Stokes vector of the incident beam, 
𝑰𝐢𝐧𝐜, into the Stokes vector of the far-field scattered beam, 𝑰𝐬𝐜𝐚: 






where 𝑅 is the distance in the far-field from the scatterer to the observation point. 
The Stokes vector is defined as a ( 4 × 1 ) column containing the Stokes parameters that 
describe the polarisation state of electromagnetic radiation 𝐼, 𝑄, 𝑈 and 𝑉 in the form of: 






The definition of the Stokes parameters and their expressions can be found in, e.g., van de 
Hulst (1957), Hansen and Travis (1974), Bohren and Huffman (1983). 
The scattering matrix (2.65) depends on the wavelength of radiation, the directions of incidence 
and scattering (i.e., the scattering angle), as well as on the microphysical properties of the 
particle (size, shape and composition) and its orientation with respect to the reference frame 
The scattering matrix is reduced to only six independent non-zero elements when an ensemble 
of randomly oriented rotationally symmetric, independently scattering particles is considered, 













The (1,1) element in (2.68) is the well-known phase function and describes the angular 
distribution of intensity for the scattered radiation, and it is normalised such that the integral over 




� 𝑃11(𝜃) sin(𝜃) d𝜃
𝜋
0
= 1. (2.69) 
The rest of the non-zero elements of the matrix relate the polarisation components between the 
incident and scattered beams. In atmospheric radiative transfer calculations, the polarisation 
can be neglected without introducing large errors to radiances or fluxes and therefore we will do 









is called the asymmetry parameter of the phase function and provides a measure for the 
direction of light scattering, it is positive for particles that scatter predominantly in the forward 
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direction, negative for backscattering particles, and 𝑔 = 0 for symmetric phase functions, i.e. 
light is isotropically scattered. 
The absorption cross section is defined as the difference between the extinction and scattering 
cross sections, 
 𝐶abs = 𝐶ext − 𝐶sca, (2.71) 
The probability that a photon incident on a small-volume element is not absorbed is equal to the 









When the single scattering albedo tends toward zero, scattering plays a negligible role in the 
radiation extinction, and thus only absorption properties are required. 
2.3. Calculation of radiative properties 
Several approaches have been considered in this research study for modelling non-spherical 
dust aerosol particle optical properties for radiative transfer calculations and retrievals, including, 
e.g.; the use of analytical single scattering phase functions (Gillespie, 1992; Zhang and Li, 
2016), or the use of experimental retrievals from laboratory measurements of Martian dust 
analogues (Muñoz et al., 2012; Dabrowska et al., 2015). The emphasis here is placed on the 
formulation of the T-matrix theory used for modelling the light scattering by randomly oriented 
non-spherical dust aerosol particles (e.g., Dubovik et al., 2006; Mishchenko et al., 1997; Wolff et 
al., 2001; Merikallio et al., 2011). 
First, it is convenient to introduce the size parameter. The size parameter 𝑥 is the ratio of the 




= 𝑘𝑟, (2.73) 
where 𝑟 is the radius of the particle. In the case of non-spherical particles, this parameter 
corresponds to the radius of the volume or area equivalent sphere (e.g., Mishchenko and Travis, 
1998). 
This quantity is used for evaluating the scattering regime and determining the most appropriate 
light scattering theory approach. When the particle is very large compared to the wavelength of 
incident radiation ( 𝑥 ≫ 1 ), the geometrical optics theory is often sufficient to model the 
scattering of that particle and the scattering intensity does not depend on the wavelength. In 
2. RADIATIVE TRANSFER AND LIGHT SCATTERING 
51 
case of 𝑥 ≪ 1 , the Rayleigh scattering theory is more appropriate; within this range, the 
scattering intensity is proportional to 𝜆−4. As the size parameter approaches to 1 (𝑥 ~ 1 to 50), 
more sophisticated theories are required for the calculation of the scattered intensity, such as 
Mie theory. 
2.3.1. Mie theory 
The Lorenz-Mie-Debye, Lorenz-Mie or mostly known simply as Mie theory provides an 
analytical solution to calculate the scattering and absorption coefficients, including the phase 
function, of a spherical particle of radius 𝑟 at a given wavelength 𝜆, given the size parameter 
𝑥 = 2𝜋𝑟 𝜆⁄ , and complex refractive index, 𝑚. 
Because of spherical particle symmetries, only the elements 𝑆1  and 𝑆2  of the amplitude 
scattering matrix (2.64) are non-zero, meaning that scattering by such a sphere does not 
depolarise the incident radiation and are expressed as a function of the scattering angle, size 
parameter 𝑥  and complex refractive index 𝑚 . For the calculation of the rest of scattering 
coefficients, Bohren and Huffman (1983) first represented the scattered wave as a series of 
spherical harmonics. The plane wave incident on the particle is then also expanded in spherical 
harmonics, and by choosing appropriate boundary conditions at the surface of the particle and 
setting the expansion coefficients equal to each other, the following infinite expansions are 
obtained: 
 𝑆1(𝑥, 𝑚, 𝜃) = �
2𝑛 + 1
𝑛(𝑛 + 1)




 𝑆2(𝑥, 𝑚, 𝜃) = �
2𝑛 + 1
𝑛(𝑛 + 1)




where 𝑎𝑛  and 𝑏𝑛  depend on the size parameter 𝑥  and complex refractive index 𝑚  via the 
Riccati-Bessel functions, and 𝜋𝑛 and 𝜏𝑛 are functions involving the Legendre polynomials (e.g., 
Bohren and Huffman, 1983; Liou, 2002). The extinction and scattering cross-sections are 
derived from these elements and result in the following expressions: 
 𝐶ext(𝑥, 𝑚) =
2𝜋
𝑘2




 𝐶sca(𝑥, 𝑚) =
2𝜋
𝑘2




and the Mie scattering phase function can be written: 
 𝑃(𝑥, 𝑚, 𝜃) =
2𝜋 (|𝑆1(𝑥, 𝑚, 𝜃)|2 + |𝑆2(𝑥, 𝑚, 𝜃)|2)
𝑘2 𝐶sca(𝑥, 𝑚)
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where 𝑃𝑛 are the Legendre polynomials and the coefficients 𝐴𝑛 are functions of 𝑎𝑛 and 𝑏𝑛 . In 
practice, for the calculation of the radiative properties for Mie scattering spheres a truncation 
order is selected linked to the size parameter 𝑥. 
2.3.2. Rayleigh scattering 
In the Rayleigh scattering approximation (𝑥 ≪ 1), the arbitrarily shaped particle is considered as 
a single electric dipole oscillating in phase with the incident electric field, resulting in the 
following expressions for the elements of the amplitude scattering matrix (Bohren and Huffman, 
1983; van de Hulst, 1957): 













(1 + cos2 𝜃) (2.83) 
 
2.3.3. T-matrix method 
The use of a matrix approach to derive the light scattering properties was first given by 
Waterman (1965) and it has become widely used for particle scattering computations within 
multiple fields. Currently, the T-matrix method is the fastest exact technique for the computation 
of non-spherical scattering based on the direct solution of Maxwell’s equations (see T-matrix 
thematic database, Mishchenko et al., 2017). The formulation of the scattering problem is based 
on solutions to the integral formulation of Maxwell’s equation: due to the linearity of those 
equations, it is possible to expand the incident and scattered waves into spherical harmonics, 
and then relate the scattering coefficients through a transformation matrix (the “T-matrix”). In 
this section, a brief summary and the main expressions involved in T-matrix method calculations 
are provided following the notation by Mishchenko et al.; the complete derivation of the method 
is provided in, e.g., Mishchenko et al., (1996); while the capabilities of the code are reported in 
Mishchenko and Travis (1998). 
Let’s consider the scattering of a plane electromagnetic wave by a single non-spherical particle 
in a fixed orientation with respect to the reference frame. In the T-matrix approach, the incident 
and scattered fields can be expressed as a series of spherical harmonics: 
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where 𝐌𝑚𝑛 and 𝐍𝑚𝑛  are proportional to the spherical Hankel functions as described in 
Mishchenko et al. (1996), and Rg denotes the regular solution. Owing to the linearity of 
Maxwell’s equations and boundary conditions, the relations between the incident field 
coefficients, 𝑎𝑚𝑛 and 𝑏𝑚𝑛, and the scattered field coeficients, 𝑝𝑚𝑛 and 𝑞𝑚𝑛, are given as follows: 












or in matrix notation: 
 �
𝐩





� �𝐚𝐛� (2.88) 
where 𝐓 is the transformation matrix. If the 𝐓 matrix for a given scatterer is known, it can be 
used to calculate the scattered field and, thus, the amplitude scattering matrix. 
A fundamental feature of this approach is that the elements of the 𝐓 matrix are independent of 
the incident and scattered fields, they only depend on the physical (particle size, shape and 
orientation) and optical (refractive index) properties of the scattering particle. 
The computation of the 𝐓  matrix is based on the extreme boundary condition method 
(Waterman, 1965; Mishchenko et al., 1996). In addition to the expansion of the incident and 
scattered fields given by equations (2.84) and (2.85), the internal field is also expanded in 
vector spherical functions: 






where 𝑚𝑟 is the complex index of refraction of the particle. The expansion coefficients of the 
internal field can be related to those of the incident and scattered with the following expressions: 
 �𝐚𝐛� = �
𝐐11 𝐐12
𝐐21 𝐐22
� �𝐜𝐝�, (2.90) 
 �
𝐩
𝐪� = − �
Rg𝐐11 Rg𝐐12
Rg𝐐21 Rg𝐐22
� �𝐜𝐝�, (2.91) 
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where the elements of the 𝐐 matrix are two-dimensional integrals which must be numerically 
evaluated over the particle surface and depend again on the physical and optical properties of 
the particle. The combination of expressions (2.88), (2.90) and (2.91) return: 
 𝐓 = −Rg𝐐[𝐐]−𝟏 (2.92) 
In a general case, 𝐓  and 𝐐  matrices contain infinite number of elements as denoted in 
equations (2.84), (2.85) and (2.89); for practical purposes, these summations are truncated 
following a certain convergence criteria. The calculation of 𝐓 is significantly simplified, reducing 
to a diagonal matrix in the 𝑚 and 𝑚’ indices, when assuming an ensemble of randomly oriented 
particles; which is reasonable assumption when simulating aerosol particles. In addition, the 
calculations are also greatly simplified when particles with rotational symmetry considered 
(Mishchenko et al., 1996). 
For this research work, T-matrix calculations have been performed using the publicly available 
FORTRAN code 1 (Mishchenko and Travis, 1998). This code has been extensively used in 
previous studies to model the light scattering of dust aerosol in both Earth and Mars’ 
atmospheres (e.g., Dubovik et al., 2006, Wolff et al., 2009; Mishchenko et al., 2017). The full 
scattering matrix and aerosol radiative properties, such as the single scattering albedo and 
extinction efficiency, are calculated for a randomly oriented distribution of particles for the 
following input parameters: wavelength of incident solar radiation, the complex refraction index 
of the particle, particle size distribution parameters and the shape of the particle. The currently 
available particle shapes in this code are spheroids, cylinders and Chebyshev particles; these 
shapes can be then particularised with the diameter-to-length (D/L) aspect ratio parameter 
(Mishchenko and Travis, 1998). 
2.3.4. Additional methods 
There are many more numerical solution techniques available for performing the scattering 
calculations for arbitrarily shaped particles, such as the finite-difference time-domain (FDTD), 
finite-difference frequency-domain (FDFD), discrete dipole approximation (DDA), finite element 
(FEM), separation of variables (SVM) or fractal aggregates. For instance, in the FDTD method, 
the electric and magnetic fields are iterated by solving them in a discretised grid in an alternate 
manner. In the case of DDA, the scattering particle is described by a finite number of individual 
dipoles, it is used to model light scattering from small particles of arbitrary shape, and it is very 
powerful for modelling particle clusters or aggregates, such as Titan aerosols. However, its 
accuracy and potential is greatly constrained by the computational complexity. In contrast to 
other approaches that solve the wave equation using an expansion of vector spherical wave 
functions (e.g., Mie or T-matrix), in DDA for each incoming and outgoing light direction incident 
on the particle the entire calculation must be repeated. An overview of most of them together 
                                                     
1 https://www.giss.nasa.gov/staff/mmishchenko/t_matrix.html 
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with their corresponding numerical codes can be found in, e.g., Liou, (2002), Yurkin and 
Hoekstra (2007), and Wriedt (2009). 
2.3.5. Approximate scattering phase functions 
Depending on the physical properties of the particles, the scattering phase function may exhibit 
large oscillatory variations as a function of the scattering angle, although these features may 
disappear for polydispersed and randomly oriented non-symmetric particles. For both direct and 
inverse radiative transfer calculations, it is of high convenience to use simple phase functions 
for modelling non-spherical particles and to approximate the numerical phase functions when 
these are cumbersome to generate. For instance, the Dirac delta, truncated Legendre 
polynomial, or Henyey-Greenstein approximations are among the most used for radiative 
transfer calculations (Liou, 2002). In particular, the Double Henyey-Greenstein function 
(Gillespie, 1992) is considered in the retrieval of dust aerosol single scattering phase function 
presented in Chapter 6. 
2.3.6. Experimental retrievals of particle’s radiative properties 
Radiative properties of particles can be retrieved from experiments instead of derived from 
direct calculations. This approach is followed for the evaluation of theories and numerical 
methods or for those cases in which the lack of prior knowledge and/or the complex nature of 
particles make direct predictions impossible or very uncertain. In these experiments, the 
measured intensities and fluxes can be used to build databases of scattering properties or 
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3. MARS ATMOSPHERE MODEL 
In this Chapter, an overview of the retrieval outcomes from previous studies for characterising 
Martian atmospheric dust aerosol by different exploration missions and techniques is provided. 
Water ice and CO2 ice aerosols are out of the scope of this research study as indicated on page 
65. Following this, the Mars atmosphere model used in this research work is detailed.  
3.1. Martian dust aerosol properties 
Numerous studies have used different approaches for modelling the observations retrieved by 
different missions in order to characterise and constrain various properties of atmospheric dust. 
As it has been shown in the previous section, in addition to the atmospheric dust loading and its 
distribution, the main properties of the aerosol particles important for climate studies and 
radiative transfer modelling are the size distribution of the particles, the particle shape, the 
single scattering albedo, phase function and imaginary part of the refractive index. A historical 
review of the work characterising those dust aerosol properties is presented in this section. For 
comprehensive and detailed reviews, excellent works have been published by Murphy et al. 
(1993), Dlugach et al. (2003), Smith (2008), Medvedev et al. (2011), and Kahre et al. (2017). 
3.1.1. Dust optical depth 
The data collected by both in-orbit and surface-based instruments have greatly contributed to 
characterise the main features of the dust cycle in the current Martian climate. Although orbital 
observations allow for a more complete characterisation of dust loading over spatial and 
temporal scales, more modelling or retrieval assumptions are needed. Therefore, surface-based 
measurements of the column optical depth are required for characterising of the atmosphere at 
the specific sites and providing ground truth for orbital observations (Smith, 2004, 2009; Wolff et 
al., 2009; Lemmon et al., 2015) 
In the past decades, a number of spacecraft missions contributed to our present knowledge of 
airborne dust properties. Mariner 9 Infrared Interferometer Spectrometer (IRIS) instrument 
studied the decay of the 1971 global dust storm (Hanel et al., 1972). The Infrared Thermal 
Mapper (IRTM) instrument on-board the Viking mission spacecraft monitored dust optical depth 
by measuring the absorption in the 9 μm silicate band, including retrievals during two planet-
encircling dust storms (Martin and Richardson, 1993). The instruments on the Mars Global 
Surveyor (MGS) spacecraft mapped the spatial and temporal patterns of airborne dust and 
surface properties with unprecedented coverage starting in 1999 (MY 24). The Thermal 
Emission Spectrometer (TES) and the Mars Orbiter Camera (MOC) monitored airborne dust in 
the thermal infrared through nadir and limb observations in the thermal infrared and visible, 
respectively (Smith, 2004; Cantor et al., 2001). Following this, data acquired with the broadband 
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infrared Thermal Emission Imaging System (THEMIS) on Mars Odyssey mission (2001) 
overlapped in time with MGS-TES retrievals, resulting in a continuous record of derived 
atmospheric dust opacity at 9 μm (see Figure 1.5) from the beginning of the MGS mission to the 
present day (Mars Odyssey is currently the longest serving spacecraft in Mars) (Smith, 2009; 
Montabone et al., 2015). 
At present, in addition to Mars Odyssey, data acquired by the Planetary Fourier Spectrometer 
(PFS; Giuranna et al., 2016), the OMEGA infrared mapping spectrometer (Määttänen et al, 
2009) and ultraviolet and infrared atmospheric spectrometer SPICAM (Montmessin et al., 2017a) 
instruments on-board Mars Express (2003), and the Mars Climate Sounder (MCS; e.g., 
Heavens et al., 2011a, b), Compact Reconnaissance Imaging Spectrometer for Mars (CRISM; 
Smith et al., 2013) and Mars Color Imager (MARCI; Cantor et al, 2010) instruments on the Mars 
Reconnaissance Orbiter (MRO) are used to derive the physical properties and distribution of 
atmospheric dust (Kahre et al., 2017). From Mars’ surface, the monitoring of dust optical depth 
by direct imaging of the Sun at multiple wavelengths has been performed by the following 
missions and instruments: Viking Lander cameras (Colburn et al., 1989), the Imager for 
Pathfinder (IMP) (Smith and Lemmon, 1999), MER Pancam (Lemmon et al., 2004), MER Mini-
TES (Smith et al., 2006), Phoenix Lander Surface Stereo Imager (Lemmon et al., 2008; 
Tamppari et al., 2010), MSL Mastcam (Lemmon, 2014), MSL REMS-UV (Smith et al., 2016). 
The seasonal and interannual variation of dust aerosol column optical depth at 880 nm from MY 
26 to 31 retrieved by the MER rovers (Lemmon et al., 2015) has been provided in Figure 3.1, as 
a complementary to data showed on (Figure 1.5). It can be appreciated that the overall trend of 
dust optical depth seen by the rovers is similar to the annual and zonal averaged column optical 
depth at 9 μm retrieved by the orbiters (Smith, 2004; Smith, 2009; Montabone et al., 2015): a 
gradual decline in dust opacity to LS ~ 140º, followed by elevated background dust, then 
atmospheric dust loading is further enhanced by dust storms after LS ~ 220º, and then the third 
wave of dust lifting near LS = 330º (Lemmon et al., 2015)  
 
Figure 3.1. Dust optical depth as a function of season. Left: Optical depth at 880 nm retrieved by MER-B Opportunity 
Pancam Instrument for Mars Years MY 26 to 31. Right: Detailed view corresponding to the dusty season is shown with 
vertical axis indicating optical depth in logarithmic scale. Source: Adapted from Lemmon et al. (2015).  
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3.1.2. Vertical distribution 
The vertical distribution of dust greatly influences the vertical distribution of solar energy 
(Pollack et al., 1979) and its characterisation provides insight into the mechanism by which dust 
enters and leaves the atmosphere. However, the vertical distribution of dust has not been 
observed as systematically as the column opacity. Observations of line-of-sight dust 
abundances from the surface looking upwards at different elevations provide information 
regarding the vertical distribution of dust within the bottom 1-3 scale heights, while limb 
observations retrieved from orbiting spacecraft provide information on the extent of dust above 
those altitudes (e.g., Kahre et al., 2017; Guzewich et al., 2017; Sánchez-Lavega et al., 2018). 
Atmospheric dust vertical profiles retrievals by Mariner 9, Viking Orbiters and Phobos spacecraft 
(Anderson and Leovy, 1978; Jaquin et al., 1986; Korablev et al., 1993) were approximated by 
an analytical expression suggested by Conrath (1975), who assumed that the vertical mixing of 
particles is determined by the effective diffusivity and gravitational settling: 




where 𝑞 is the dust mass mixing ratio as a function of height, 𝑧, 𝑞0 is the mass mixing ratio at 
the surface; and 𝜈 is the ratio between the characteristic dust diffusion time and gravitational 
sedimentation time (the Conrath parameter), which controls dust cut-off altitude. This 
expression in pressure coordinates presents the form: 
 
𝑞(𝑧) = 𝑞0exp �𝜈 �1 − �
𝑝0
𝑝
��� , 𝑝 < 𝑝0 
𝑞(𝑧) = 𝑞0, 𝑝 ≥ 𝑝0, 
(3.2) 
where now 𝑞0 is the dust mixing ratio at surface and 𝑝0 is a reference pressure, e.g., 700 Pa, 
below which 𝑞 is taken to be 𝑞0. 
These expressions have been extensively used in global circulation models for prescribing dust 
vertical profiles and calculating the corresponding heating rates (Medvedev et al., 2011). 
Further analyses of Mariner and Viking data (Anderson and Leovy, 1978; Jaquin et al. 1986) 
indicated that dust mixing ratios changed in a more complex manner, with aerosol reaching 
higher altitudes in the equator and decay in a more abrupt manner near the poles. Forget et al. 
(1999) took into account these findings and modified the Conrath profile to account for the 
seasonal variability in the height of observable atmospheric dust (Figure 3.2): 
 





𝑧𝑚𝑎𝑥�� , 𝑝 < 𝑝0 
𝑧𝑚𝑎𝑥(𝜙, 𝐿𝑆) = 60 + 18 sin(𝐿𝑆 − 160°) − 22sin2𝜙 
(3.3) 
where the altitude (km) of the top of the dust layer, 𝑧𝑚𝑎𝑥, varies with latitude (𝜙) and season (LS) 
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Figure 3.2. Modified Conrath profiles of dust distribution. Dust vertical distribution modified Conrath profiles for different 
𝜈 parameter values (Forget et al., 1999). 
Several observations have indicated that the assumption used in many global circulation 
models and retrieval algorithms that dust is “well-mixed” with the CO2 gas is often good. 
Analysis of limb scans by Viking Landers and near-horizon Sun observations retrieved from the 
Pathfinder cameras and MER Pancam indicated that the scale height of dust is within 10 to 13 
km, consistent with that of the background CO2. However, although the well-mixed 
approximation introduced above might be useful for general purpose retrievals, the actual 
vertical distribution of dust is generally different. Recent Martian limb images retrieved by 
multiple missions (OMEGA on-board Mars Express, MGS-TES, MRO’s CRISM and MCS; see, 
e.g., Heavens et al., 2011a,b; Medvedev et al., 2011; Guzewich et al., 2014; Kahre et al., 2017) 
show that dust haze extends much higher above the surface during dust storms than when the 
atmosphere is less dusty, observing dust reaching altitudes of up to 60 km, whereas during non-
dusty conditions the maximum height of dust is about 10 to 20 km (Smith, 2008). 
3.1.3. Refractive indices 
Dust aerosol refractive indices are another set of optical parameters that are important for 
radiative transfer calculations. Ockert-Bell et al. (1997) derived the refractive properties in the 
0.5 to 0.86 μm wavelength range from the particle size distribution, shape and single scattering 
properties reported by Pollack et al. (1995). Wolff and Clancy (2003) updated the properties 
within the 0.2 to 1.35 μm wavelength range using MGS-TES measurements, based on 
palagonite Mars dust analogue samples (Clancy et al., 1995) and fitting with Tomasko et al. 
(1999) particle physical properties derived from Pathfinder IMP observations. Further updates in 
infrared, visible to near-infrared and ultraviolet have been derived by Wolff et al. (2006, 2009). 
Combined operations of MER (Mini-TES and Pancam) with overflights by MGS-TES and the 
MRO-CRISM were used to derive several dust physical and radiative properties, including the 
refractive indices and dust aerosol spatial distribution (Figure 3.3). 
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Figure 3.3. Refractive indices of Martian dust aerosol as a function of wavelength. Real (left) and imaginary (right) parts 
of the refractive indices of Martian dust. “Refractive A” indicates the results derived from Ockert-Bell et al. (2017), Toon 
et al. (1977) and Forget et al. (1999). Source: Adapted from Medvedev et al. (2011) 
3.1.4. Particle size and shape 
Information about the size and shape of dust aerosols is most easily obtained by examining the 
scattering of light by dust and the column dust optical depth ratio at separated wavelengths (e.g., 
thermal infrared versus visible). Sky observations acquired from surface provide complimentary 
information to in-orbit retrievals and define strong constraints on the scattering functions. Orbital 
observations generally include, in addition to radiance scattered from the atmosphere, strong 
components from light scattered from the surface; whereas for upward looking surface-based 
observations the sensitivity of derived aerosol properties on the surface properties is less 
significant (Kaufman et al. 1994; Nakajima et al., 1996; Vermeulen et al., 2000). In this section a 
summary of main outcomes from previous studies regarding the particle size and shape is 
provided, with special emphasis on surface-based retrievals. The data presented in the 
following paragraphs is shown in Table 3.1. 
For describing the size of dust particles, the majority of authors within the literature use the 
nomenclature and definitions provided in Hansen and Travis (1974). The description of dust 
particle sizes can be expressed in terms of the first two moments of the distribution: the effective 
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In these expressions, 𝐺  is the geometric cross-sectional area of particles, 𝑟  is the particle 
equivalent-sphere radius, 𝑛(𝑟)𝑑𝑟 is the number of particles between 𝑟 and 𝑟 + 𝑑𝑟, and 𝑟1 and 𝑟2 
are the minimal and maximal equivalent-sphere radii in the size distribution. Several analytical 
functions 𝑛(𝑟) have been used to approximate the natural particle size (e.g., Mishchenko and 
Travis, 1998). However, Hansen and Travis (1974) demonstrated that the exact form of the size 
distribution is not of high relevance for most problems, as long as 𝑟𝑒𝑓𝑓 and 𝜈𝑒𝑓𝑓 parameters are 
specified. 
Toon et al. (1977) analysed Mariner 9 Infrared Interferometer Spectrometer (IRIS) thermal 
infrared observational data (5 to 50 μm) using plane-parallel atmospheric model to simulate the 
brightness temperature profiles for different materials in order to compare with IRIS 
observations. The exploration of the best fitting model to observations was performed by 
varying a series of parameters: total optical depth, surface temperature, dust particle size 
distribution, and the wavelength dependent complex refractive indices. For these retrievals, 
infrared optical constants from known Earth materials were used, with a modified gamma 
particle size distribution. Best data fits resulted from materials with high SiO2 content, or clay 
minerals, such as montmorillonite. However, no single material presented good fit to data. It 
was highlighted that as Martian dust particles are smaller than the grains of the tested samples 
and it was not certain that the optical behaviour of the bulk rock was representative of the same 
rock dispersed. The obtained dust particle distribution size was of 𝑟𝑒𝑓𝑓 = 2.75 μm with 𝜈𝑒𝑓𝑓= 0.38 
and concluded, based on the multiple retrievals during the dust storm event, that the size 
distribution did not change appreciably with time. Regarding the shape of the particle, Chýlek 
and Grams (1978) first used a non-spherical randomly oriented particle model (Chýlek et al., 
1976) to fit Mariner 9 reflectance data in the UV during the 1971 Mars dust storm. 
Pollack et al. (1977) compared the sky brightness at small scattering angles observed by Viking 
Landers images to results from a multiple-scattering model using the non-spherical semi-
empirical theory of Pollack and Cuzzi (1980) and the gamma particle size distribution (Hansen 
and Travis, 1974), showing best fitting results for 𝑟𝑒𝑓𝑓 = 0.4 μm and 𝜈𝑒𝑓𝑓= 0.15. Pollack et al. 
(1979) expanded this study with additional Viking colour data, employing a modified gamma 
distribution (e.g., Mishchenko and Travis, 1998) that allowed the use of broader distributions 
(i.e., larger values of 𝜈𝑒𝑓𝑓), and reported that dust distribution function was best described with 
𝑟𝑒𝑓𝑓 = 2.5 μm and 𝜈𝑒𝑓𝑓 = 0.4. However, these studies were limited to scattering angles of 15º 
due to the vigneting in the Viking Lander observations. Pollack et al. (1995) re-evaluated these 
data implementing a correction to these images and allowing measurements of the angular 
distribution of the sky brightness down to approximately 10º. In addition, simultaneous fitting to 
observations acquired at the 4 available wavelengths were performed, resulting in dust size 
distributions of 𝑟𝑒𝑓𝑓 =  1.85 ±  0.3 μm and 𝜈𝑒𝑓𝑓 =  0.5 ±  0.2 at the Viking Lander 2 site during 
northern summer, and 𝑟𝑒𝑓𝑓 =  1.52 ±  0.3 μm for  𝜈𝑒𝑓𝑓 =  0.5 ±  0.2 at the same site during 1977 
dust storm. In addition, a modest peak in the backscattering region was retrieved in these 
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studies, suggesting internal reflections by sharp corners within the particle’s geometry 
associated with fluffy aggregates.  
In 1989 the Phobos 2 spacecraft achieved Mars orbit. Although the mission was short, a 
number of results were obtained. Drossart et al. (1991) evaluated data from the Infrared 
Spectrometer (ISM) and the solar occultation experiment Auguste, which consisted of three 
spectrometers sensitive to ultraviolet (UV), visible (VIS) and infrared (IR) light. A poor model fit 
was reported when using the dust size distribution of Toon et al. (1977) with ISM data, whereas 
Auguste observations returned superior fits resulting in a dust size distribution with 𝑟𝑒𝑓𝑓 = 1.24 
μm and 𝜈𝑒𝑓𝑓 = 0.25. Korablev et al. (1993) derived vertical profiles of volume extinction 
coefficients from Auguste observations in the IR, and reported average 𝑟𝑒𝑓𝑓 = 1.26 ± 0.2 μm, 
with 𝜈𝑒𝑓𝑓 = 0.20 ± 0.10. Chassèfiere et al. (1995) analysed data from the different instruments 
on-board Phobos 2 spacecraft, and derived independent dust size distributions from both 
Auguste and ISM data obtaining dust distribution function of by𝑟𝑒𝑓𝑓 = 1.7 ± 0.2  μm and 1.2 ± 0.4 
μm, respectively. 
Clancy et al. (1995) examined the full spectral range of observations from UV through IR from 
Mariner 9, Viking and Phobos 2 in order to constrain the Martian atmospheric dust size 
distribution. Simultaneously fitting both the visible-to-9 μm opacity ratio and the 9 μm-to-30 μm 
opacity ratio they derived a much broader distribution that previously suggested, with 𝑟𝑒𝑓𝑓 = 1.8 
μm and 𝜈𝑒𝑓𝑓 = 0.8. Mars Express has retrieved limb observations using stellar occultations and 
limb scattering photometric observations at UV wavelengths with the SPICAM instrument 
(Montmessin et al., 2006). The retrieved results show particle sizes for Martian limb dust hazes 
above 20 km of 𝑟𝑒𝑓𝑓 from 0.01 to 0.1 μm for 𝜈𝑒𝑓𝑓 0.1 and 0.5, using the non-spherical aerosol 
model by Pollack and Cuzzi (1980) with log-normal particle size distribution. Difficulties to 
separate the ice and dust contribution were reported. 
The extensive observational dataset obtained by the Thermal Emission Spectrometer (TES) 
onboard MGS has greatly contributed in the characterisation of Mars’ atmosphere and its dust 
cycle. Clancy et al. (2003) and Wolff and Clancy (2003) used MGS-TES to derive dust and ice 
optical depths in the visible and IR band. Visible-to-9 μm opacity ratios returned a 𝑟𝑒𝑓𝑓  of 
1.5 ± 0.1 μm for most of the cases (Clancy et al., 2003), although substantial latitudinal and 
seasonal variations were observed, including large radii during the 2001 dust storm. Their work 
adopted the 𝜈𝑒𝑓𝑓 = 0.4 from Toon et al. (1977) and the T-matrix code for modelling cylindrical 
dust aerosol particles; best fits to MGS-TES observed emission phase functions corresponded 
to disk particles with moderate diameter-to-length aspect ratios of 0.5 and 2.0 (Wolff et al., 2001; 
Clancy et al., 2003). 
Mars Pathfinder imager (IMP) observed angular distribution of sky brightness covering from ~7º 
to 180º were fitted by Tomasko et al. (1999) with multiple scattering radiative transfer 
calculations, using the scattering code for modelling non-spherical particles by Pollack and 
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Cuzzi (1980), to derive dust aerosol size distribution (𝑟𝑒𝑓𝑓 =  1.6 ± 0.15 μm, 𝜈𝑒𝑓𝑓 from 0.2 to 0.5), 
and retrieve the single scattering phase function. Markiewicz et al. (1999) conducted 
independent studies and obtained a 𝑟𝑒𝑓𝑓 varying from 1.45 to 2 μm, with an average value of 
𝑟𝑒𝑓𝑓 = 1.70 μm, for 𝜈𝑒𝑓𝑓 = 0.25. The analysis of the obtained phase functions showed good 
agreements with plate-like particles. 
In 2004 the twin MER mission Spirit and Opportunity rovers began exploring the surface of Mars. 
Lemmon et al. (2004) used Pancam instrument (Bell et al., 2003; 2006) images (wavelength 
from 0.4 to 1.0 μm) to constrain the particle properties at the two landing sites. Using the 
scattering model of Tomasko et al. (1999) with an assumed value of 𝜈𝑒𝑓𝑓 = 0.2; similar dust size 
distributions of 𝑟𝑒𝑓𝑓 = 1.47 ±  0.20 μm (Spirit site) and 𝑟𝑒𝑓𝑓 = 1.52 ±  0.18 μm (Opportunity site) 
were derived. Wolff et al. (2006) used coordinated observations by MER’s Miniature Thermal 
Emission Spectrometer (Mini-TES), MER Pancam, and MGS-TES infrared spectrometer and 
solar-band bolometer to evaluate vertical and temporal variations in the dust size distribution. 
Radiative transfer models of these data (T-matrix code for modelling aerosol radiative properties) 
retrieved 𝑟𝑒𝑓𝑓  values ranging 1.2-1.6 um at the Spirit site, and between 1.4-1.8 μm at the 
Opportunity site; with estimated uncertainties of order 0.1-0.2 μm. In addition, a positive 
correlation was reported between optical depth and 𝑟𝑒𝑓𝑓 (Wolff et al., 2006). 
Soderblom et al. (2008) demonstrated the capability of MER Navcams to observe the Martian 
sky very close to the Sun for evaluating the forward scattering properties of dust aerosol and 
allowing better constraints on the size distribution. Previous retrievals by Viking Lander cameras 
(Pollack et al., 1977, 1979, 1995), Mars Pathfinder IMP (Markiewicz et al., 1999; Tomasko et al., 
1999) and MER Pancam (Lemmon et al., 2004) were only able to observe the brightness of the 
Martian sky at scattering angles > 7º (Soderblom et al., 2008). The radiative transfer modelling 
of the forward scattering was performed using DISORT with Mie code for calculating the single 
scattering properties of the particles, as the observational data did not sample scattering angles 
greater than 35º, resulting in 𝑟𝑒𝑓𝑓 around 1.30 μm with 𝜈𝑒𝑓𝑓 of 0.4 to 0.5 (Soderblom et al., 2008). 
Smith and Wolff (2014) used MER Navcam and Pancam observations to constrain the size and 
shape of dust aerosol particles. In this case, they used the radiative transfer model of Wolff et al. 
(2006, 2009) based in DISORT with T-matrix code for calculating the aerosol particle radiative 
properties. Navcam Sun pointing observations were used to constrain the particle size, while 
Pancam sky surveys in the almucantar plane (sky points with same elevation angle as the Sun) 
reaching high values of scattering angle were used to fit the single scattering phase function 
and characterise the shape of the particles. This work concluded that cylindrical particles 
returned better fits than spheres. They also reported a positive correlation between optical 
depth and dust aerosol size. 
At the Arctic region of Mars (68ºN of latitude), the Phoenix Lander used a LIDAR instrument to 
obtain measurements of atmospheric dust loading and particle size during the late spring 
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through the middle of summer. Mie scattering calculations performed using the retrieved 
backscattering ratios were consistent with particle size distributions of 𝑟𝑒𝑓𝑓 in the range of 1.2 to 
1.4 μm (Komgem et al., 2013). 
Finally, for the ongoing MSL mission, Vicente-Retortillo et al. (2017) calculated the seasonal 
and interannual variation in the dust aerosol particle size using measurements of the UV 
radiation retrieved by the Rover Environmental Monitoring Station sensor suite (Gómez-Elvira et 
al., 2012) in combination with Mastcam instrument opacity measurements (Lemmon, 2014). 
Results indicated seasonal variations ranging from ~ 0.6 μm during the clear season to 2 μm 
during the dusty season. McConnochie et al. (2017) used scattered sky light spectra (550 nm to 
880 nm) acquired by ChemCam at two different elevation angles and fitted the observations 
with a discrete ordinates multiple scattering radiative transfer model. Results showed the 
expected seasonal pattern in dust particle size, with effective radius ranging from about 0.5 to 
2.0 μm, and its positive correlation with dust opacity. 
3.2. Model 
In the following lines, the technical implementation of the radiative transfer base model for this 
research is presented. The modifications and simplifications made to this base model within the 
retrieval procedure will be referred and described in the corresponding Section. A schematic 
overview of the geometry involved in the problem is provided in Figure 3.4. 
3.2.1. Radiative transfer code 
The radiative transfer problem with multiple scattering in a plane-parallel atmosphere was 
solved using a Python implementation (PyDISORT, Ádámkovics et al., 2016) of version 2.1 of 
the DISORT code (Stamnes et al., 2000), translated from the original FORTRAN based code 
into C language (CDISORT, Buras et al., 2011; Hamre et al., 2013). 
3.2.2. Atmosphere model 
The Martian atmosphere above Gale Crater is modelled with 30 plane-parallel layers distributed 
vertically in linearly spaced pressure levels, with a total height of 100 km. For each layer, the 
corresponding values of atmospheric pressure, temperature, density and composition are 
retrieved from the Mars Climate Database2 (MCD, version 5.2) (Forget et al., 1999; Millour et al., 
2015) and interpolated at each atmospheric layer. These input parameters are loaded for the 
observation’s labelled local true solar time (LTST), solar longitude (LS) and for the areographic 
location of Gale Crater (4.6º south; 137.4º east). 
  
                                                     
2 http://www-mars.lmd.jussieu.fr/mars/access.html 
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Drossart et al., 
1991 
Phobos 2 
(Auguste) In-orbit 1.24 0.25 Drossart (1990) 
Photometric profiles of the 
surface, spectra from 1 to 3 μm. 
Modified Mie to take into account 
non-spherical particles. Optical 
properties of basalt. Modified 
gamma 
Korablev et al., 
1993 
Phobos 2 
(Auguste) In-orbit 1.26 ± 0.2 0.2 Mie 
Limb and solar occultation at 1.9 
and 0.37 μm wavelengths. 
Gamma particle size distrib. 
Chassèfiere et al., 
1995 
Phobos 2 
(ISM and Auguste) In-orbit 
Auguste: 
1.7 ± 0.2 
ISM: 
1.2 ± 0.4 
0.10-0.40 Drossart (1990) 
Combination of ISM and Auguste 
observations. 
Modified Mie to take into account 
particle surface roughness 
Modified gamma size distrib. 
Clancy et al., 
1995 
Mariner 9, Viking 
and Phobos In-orbit 1.80 0.79 Mie 
Emission phase function data. 
Palagonite optical prop. 
Modified gamma distrib. 
Pollack et al., 
1995 
Viking Landers 
(Cameras) Surface 1.52 – 1.85 0.51 
Pollack and 
Cuzzi (1980) 
Sky brightness observations. 
Viking lander results, replacing 
Pollack et al. 1977; 1979. 
Log-normal distrib. 
Tomasko et al., 
1999 
Pathfinder 
(IMP) Surface 1.45 – 1.75 0.2 - 0.5 
Pollack and 
Cuzzi (1980) 
Sky brightness observations in 
the 0.4 to 0.96 μm range. 
Gamma distribution. 
Markiewicz et al., 
1999 
Pathfinder 
(IMP) Surface 1.45 – 2.00 0.15 - 0.30 
Pollack and 
Cuzzi (1980) 
Sky brightness observations in 
the 0.4 to 0.96 μm range. 
Modified gamma distrib. 




1.5 ± 0.1; 
LS 50º-200º:  
1.0 ± 0.2 
Dust storm: 
1.8 – 2.5 
0.4 T-matrix 
Visible to IR dust Emission Phase 
Functions, 
Spheroidal, D/L = 0.5, and 2.0 
Modified gamma distrib. 
Wolff and Clancy, 
2003 
MGS 
(TES) In-orbit 1.5 – 1.6 0.4 Mie 
Emission Phase Functions, 
Modified gamma distrib. 
Montmessin et al., 
2006 
Mars Express 
(SPICAM) In-orbit 0.01-0.1 0.1, 0.4 
Pollack and 
Cuzzi (1980) 
Martian haze limb observations, 
stellar occultations in UV, above 
20 km of altitude. 
Log-normal distribution 





1.47 ± 0.21 
Opportunity: 
1.52 ± 0.18  
0.2 Pollack and Cuzzi (1980) 
Sky brightness at 0.4 to 1.0 μm 
wavelengths. 
Gamma distrib. 
Soderblom et al., 
2008 
MER 
(Navcam) Surface 1.25 – 1.35 0.4 – 0.5 Mie 
Sun-pointing images, scattering 
angles from ~ 3º to 30º, 
Gamma distrib. 
Wolff et al., 
2006 







1.2 – 1.6 
Opportunity: 
1.4 – 1.8 
0.3 – 0.4 T-matrix 
Coordinated in-orbit and surface 
observations campaign. 
Cylindrical particles of D/L = 2. 
Gamma distrib. 
Wolff et al., 
2009 
MRO + MER 




1.8 0.3 T-matrix 
Orbit and surface coordinated 
observations of mission phase 
functions. 
Cylindrical particles of D/L = 1. 
Gamma distrib. 
Komguem et al., 
2013 
Phoenix Lander 
(LIDAR) Surface 1.2-1.4 - Mie 
Fits to backscattering opacity 
ratio at wavelength 0.5 to 1.0 μm 
Gamma distrib. 






1.45 – 2.05 
0.3 T-matrix 
Sun-pointing and sky brightness  
Cylindrical particles of D/L = 1, 
Modified gamma distrib. 
Vicente-Retortillo et al., 
2017 
MSL 
(REMS UV) Surface 
Seasonal 
variations,  
0.60 – 1.75 
0.3 T-matrix 
Sky radiance with UV sensors, 
cylindrical particles of D/L = 1, 
Power law distribution. 






0.60 to 1.80 
0.3 T-matrix 
Spectra of sky brightness, 
cylindrical particles of D/L = 1, 
Log-normal distribution. 







0.80 to 2.00 
0.3 T-matrix 
Sun-pointing observations, 
cylindrical particles, D/L = 1. 
Log-normal distribution. 
Table 3.1. Summary of main retrievals of Martian dust aerosol particle size 
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The model developed for this thesis has the capacity to initialise the Martian atmosphere loaded 
with the following constituent species: CO2, H2O, O2, N2, and O3. For this general scenario, their 
abundances (in volume mixing ratio) are retrieved and interpolated at each layer as well from 
the MCD. The opacity due to the species absorption is calculated using the absorption 
coefficients derived from the HITRAN 2012 database (Rothman et al., 2013) for the 
corresponding pressure and temperature values of each atmospheric level, within the evaluated 
wavelength range. For the Rayleigh scattering by atmospheric gases, only the contribution of 
CO2 has been considered; the model and constants reported in Sneep and Ubachs (2005) was 
used for calculating the Rayleigh scattering cross section. 
However, for the current research scenario in which MSL engineering cameras observations are 
used, as there are no strong gas absorptions from the atmospheric constituents considered in 
the model within the cameras wavelength band (600 to 800 nm); the contributions from water 
ice and CO2 ice aerosols and the rest of the abovelisted species to the atmospheric opacity is 
negligible, therefore resulting in a simplification of the radiative transfer problem and an 
alleviation of the computation time. 
3.2.3. Aerosol model 
The radiative transfer code requires only 3 parameters at each layer of the discretised Martian 
atmosphere model for defining the airborne aerosol: the single scattering albedo (ω0), the single 
scattering phase function, 𝑃(𝜃) where θ is the scattering angle; and the optical depth at the 
specific layer, 𝜏(𝑖), being 𝑖 the layer number. 
For dust aerosol particles, the computation of the radiative properties was performed using the 
T-matrix code presented in Section 2.3.3. The refractive indices were retrieved from Wolff et al. 
(2009) and interpolated for the effective wavelength, which in the case of MSL Navcam and 
Hazcam is 650 nm (Maki et al., 2012). A well mixed dust situation approach was assumed for 
this research study, thus the same dust aerosol distribution particle sizes (𝑟𝑒𝑓𝑓) and composition 
are consideded at each atmospheric layer in the model. T-matrix computations were performed 
for both randomly-oriented cylindrical and spheroidal particles with different diameter-to-length 
(D/L) aspect ratios (parameter “EPS” within the T-matrix code). The particle size distribution of 
dust aerosol was modelled for log-normal and power law particle size distributions (Hansen and 
Travis, 1974; Mishchenko and Travis, 1998) 
For the definition of the optical depth at each atmospheric layer due to dust aerosol particles, 
the vertical distribution of the aerosol mass mixing ratio was modelled using the modified 
Conrath profile (see Section 3.1.2). When this expression is integrated through the atmosphere 
height (Heavens et al., 2011a), an expression for the column optical depth at each level can be 
obtained in the form of: 
 𝜏(𝑧) =  𝜏0 ·  𝜎�(𝑧) · exp [𝜈 · (1 − 𝜎�(𝑧)−𝑙)] (3.7) 
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where 𝜏0  is the reference column optical depth at surface, 𝜎�(𝑧)  is the ratio between the 
pressure at level 𝑧, 𝑝(𝑧), and a reference pressure level 𝑝0, 𝑙 is the ratio between the reference 
height of 70 km and the maximum altitude of observed dust 𝑧𝑚𝑎𝑥  given by Equation (3.3) as a 
function of latitude and solar longitude; and the parameter 𝜈 = 0.007, is the ratio between the 
dust diffusion and surface sedimentation characteristic times (e.g., Forget et al., 1999). 
 
 
Figure 3.4.  Schematic overview of the problem geometry. All the angular quantities are  given with respect to the Mars 
local level reference frame (Maki and Warner, 2013), the frame is fixed relative to the rover and located at the nominal 



















ϕ0 :  Sun azimuth
ϕ :  Sky point azimuth
Solar elevation angle
µ = cos(Sky point zenith angle)
µ0 = cos(solar zenith angle)




























In this Chapter, a comprehensive description of the observation data used in this research is 
provided. First, MSL Navcam and Hazcam instruments technical properties are introduced, 
followed by a description of the retrieved observations and the generated image database. Next, 
the steps involved in the radiometric calibration and geometric reduction of the images are 
detailed. Finally, the validation of the calibrated data and the evaluation of the associated 
uncertainties are discussed. 
4.1. MSL engineering cameras 
4.1.1. Instruments description 
The MSL engineering cameras suite is composed of 4 navigation cameras (Navcam) and 8 
hazard avoidance cameras (Hazcam). The primary objective of these cameras is to support the 
navigation and operation of the MSL rover on the Martian surface. The activities include: 
assessment of terrain’s traversability and determining the safe driving directions, 
characterisation of the vehicle’s position and orientation, generation of stereo range maps and 
derived data for hazard detection, monitoring and avoidance; as well as to support robotic arm 
operations, target selection and surface imaging activities. Although no science requirements 
are assigned to the MSL engineering cameras, the returned images may contribute to other 
instruments by providing contextual data for scientific observations (Maki et al., 2012). 
MSL engineering cameras (or ECAMs) are built-to-print copies of the MER engineering cameras 
(Maki et al., 2003; Maki, 2004). The main difference between these two sets is that MSL 
engineering cameras are equipped with slightly more powerful heaters to allow operation at 
colder temperatures (Maki et al., 2012). Each imager is composed of two elements: a 
detector/optics head and the electronics box (Figure 4.1). The detector head contains the 
optical lens assembly and a Charged Couple Device (CCD) detector. The camera/rover 
interface electronics, detector drivers and the heating system in charge of warming up the 
electronics above the minimum operational temperature are allocated within the electronics box. 
The mounting locations of MSL engineering cameras are shown in Figure 4.1. The four 
Navcams are mounted in the rover’s Remote Sensing Mast (RSM), resulting in a configuration 
that places them at about 1.90 metres above the Martian surface, with a left/right stereo 
baseline of about 42 cm. A set of four Hazcams (Front Hazcams) are chassis-mounted to the 
front of the vehicle with a 16.6 cm of stereo baseline, and the four remaining hazard avoidance 
cameras (Rear Hazcams) are body-mounted on each sides of the rover, with a 10 cm stereo 
baseline (Maki et al., 2012).  
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The engineering cameras are controlled by the rover’s main computer, referred to as Rover 
Compute Element (RCE), which is composed of two functionally identical elements, RCE “A” 
and RCE “B”. Each RCE is connected to a dedicated set of 6 engineering cameras (2 Navcams 
and 4 Hazcams), with only one RCE active at a time, being the second one kept for fault 
redundancy (Maki et al., 2012). In the case of the Rear Hazcams, the RCE-A and RCE-B Rear 
Hazcams sets are located at opposite sides of the vehicle (Figure 4.1). 
The following list of abbreviations will be used through this text in order to make reference to the 
imagers. MSL rover’s mast mounted Navcams set are labelled as: Navcam Left RCE-A (NLA), 
Navcam Left RCE-B (NLB), Navcam Right RCE-A (NRA), and Navcam Right RCE-B (NRB). For 
Hazcams located at the front of the vehicle, these will be: Front Left Hazcam RCE-A (FLA), 
Front Left Hazcam RCE-B (FLB), Front Right Hazcam RCE-A (FRA), and Front Right Hazcam 
RCE-B (FRB). Finally, for the Hazcams mounted at the rear of the vehicle, the Rear Left 
Hazcam RCE-A (RLA) and Rear Right Hazcam RCE-A (RRA) are located on rover’s left-side 
(port); while the Rear Left Hazcam RCE-B (RLB) and Rear Right Hazcam RCE-B (RRB) are on 
rover’s right-side (starboard). 
Regarding the optical system, MSL Navcams are equipped with f/12, 14.67 mm fixed-focal 
length lenses that provide 45 × 45 square-degrees FOV, with a pixel scale at the centre of 0.82 
mrad/pixel, the depth of field ranges from 0.5 m to infinity, with a hyperfocal distance of 1.0 m. 
MSL Hazcam imagers use f/15, 5.58 mm fixed-focal length fisheye lenses with a 124 × 124 
square-degrees FOV; the pixel scale at the centre of a Hazcam image is 2.1 mrad/pixel and the 
depth of field ranges from 0.10 metres to infinity, with a hyperfocal distance of 0.5 metres (Maki, 
2004; Maki et al., 2003; 2012). 
MSL Navcam and Hazcam detectors are CCD wafers derived from MER spare units (Maki et al., 
2012). These consist in frame-transfer devices with an imaging region of 12.3 mm × 12.3 mm 
containing 1024×1024 pixels (12 microns square pixels). The detector has 3 readout modes: 
full-frame, 4×1 binned, and windowed. The detector readout time is about 5.4 seconds for a full-
frame mode; the full-well capacity of a single pixel is about 170,000 electrons with a gain of 50 
electrons/DN. 
The components of MSL engineering cameras are shown on Figure 4.1, together with their 
location and configuration onboard MSL rover. In Figure 4.2 the spectral responsivity curve of 
MSL engineering cameras is provided. A summary of the configuration of the imagers and the 
main characteristics and performance of the optics and detectors is provided on Table 4.1. 
For the complete description of rover engineering cameras system, see Maki et al. (2003) for 
MER, and Maki et al. (2012) for MSL. The optical properties of the cameras are discussed in 
detail in Smith et al. (2001). More details regarding the description of the engineering camera 






Figure 4.1. MSL engineering cameras: Navcam and Hazcam. Top: Navcams (left) and Hazcam (right) imagers, all of 
them consist of a detector/optics head connected to an electronics box. Bottom: Location of the cameras on-board MSL 
Curiosity rover. Source: Adapted from Maki et al. (2012) 
 
Figure 4.2. Engineering cameras spectral responsivity. Normalised spectral responsivity for Navcam and Hazcam 
cameras; it incorporates the spectral transmission properties of optics, filters and CCD (Maki et al., 2012). Source: Maki 





 NAVCAM HAZCAM 
Configuration 
Stereo baseline 42.4 cm 16.7 cm (Front Hazcam) 10 cm (Rear Hazcam) 
Stereo co-alignment difference < 1 degree < 2 degrees 
Boresight pointing direction 0º to 360º, in azimuth -87º to +91º, in elevation 
45º,  
below nominal horizon 
Height above Martian surface 1.9 m (depends on RSM) 
0.68 m (Front Hazcam) 
0.78 m (Rear Hazcam) 
Mass (per camera) 220 grams 245 grams 
Dimensions (per camera) 67 × 69 × 34 mm (electronics) 41 × 51 × 15 mm (detector head) 
Power (per camera) 2.15 Watts 
Optical properties 
Pixel scale at the centre of the FOV 0.82 mrad/pixel 2.1 mrad/pixel 
Focal length 14.67 mm 5.58 mm 
f/number 12 15 
Entrance pupil diameter 1.25 mm 0.37 mm 
Field of view (horizontal × vertical) 45º × 45º 124º × 124º 
Diagonal FOV 67º 180º 
Depth of field 0.5 m – infinity 0.10 m – infinity 
Hyperfocal distance 1.0 m 0.5 m 
Spectral range 600 – 800 nm 600 – 800 nm 
Detector properties 
Average detector full well 170,000 electrons 
Average readout noise (at –55 ºC) 25 electrons 
Average detector gain (at –55 ºC) 50 electrons/DN 
ADC digitization 12 bits/pixel 
Frame transfer time 5.1 msec 
Detector readout time (full-frame mode) 5.4 seconds 
Pixel size 12 × 12 microns 
SNR > 200:1 
Exposure time 0 – 335.5 seconds, in steps of 5.12 msec 
Table 4.1. MSL engineering camera properties. Summary of camera optics and detector properties of MSL Navcam and 
Hazcam, together with their onboard configuration. Full technical details regarding MER and MSL engineering cameras 
can be found in Maki et al., (2003; 2012). Detailed description of the optical properties of the cameras is provided in 
Smith et al. (2001).  
4.1.2. Image files and tools 
MSL engineering cameras imaging software systems were also inherited directly from the MER 
mission (Maki et al., 2012). The onboard flight software capabilities of MSL include: manual and 
autoexposure, thumbnail generation, 12-to-8 bit companding, spatial downsampling and 
subframing, image corrections, stereo processing and image metadata collection, among others. 
Once the imaging commands are received, the flight software automatically powers the camera 
of interest, the observation is retrieved, read-out from the detectors and transferred to the 
specific RCE for further processing, then stored and uplinked. Back on Earth, JPL’S 
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Multimission Image Processing Laboratory (MIPL) (Alexander et al., 2006) performs the ground 
processing of the engineering camera observations. The downlinked image data is written to 
Experiment Data Record (EDR) files and, after further processing, the Reduced Data Record 
(RDR) files are generated for use by the operations team (Maki et al., 2012). The EDR data 
product corresponds to the raw, uncalibrated, uncorrected image data acquired by the MSL 
instrument; while RDR data products are limited to MSL rover cameras observation data derived 
from EDR files or other RDR products (JPL, 2015). Examples of RDRs include: geometrically 
linearised images, stereo maps, XYZ and range images, surface normal and slope maps, or 
robotic arm reachability data (Maki et al., 2012; Alexander and Deen, 2017). 
The MSL engineering cameras images used in this research study were retrieved from NASA’s 
Planetary Data System (PDS) imaging node archive3. In addition to this, the PDS Analyst’s 
Notebook for MSL mission 4 was used to explore the data archive, including the sequence 
information, operations, science planning and targeting (Stein et al., 2016). For a detailed 
description of the engineering camera general imaging processing system, see LaVoie et al. 
(1999) and Alexander et al. (2006). For MSL cameras, the comprehensive description of how 
image data is acquired, processed, formatted, labelled and how RDR are derived is reported in 
Alexander and Deen (2017). The format, content and storage of the MSL camera data is 
provided in the MSL EDR/RDR SIS document (JPL, 2015). 
4.1.3. Observation sequences 
The RSM is capable of pointing over a range of about 360 degrees in azimuth and 180 degrees 
in elevation (e.g., Maki et al., 2012; Bell et al., 2017). This pointing capability enables Navcam 
to acquire compositions and panoramas of the Martian surface and sky. In addition to this, 
Hazcam’s wide field-of-view (about 124-square degrees) and their frequent use have also 
contributed to accumulate an extensive image database. In a Hazcam’s observation, up to 15 
degrees of elevation over Mars’ local horizon may be reached covering approximately 100 
degrees of azimuth. The atmospheric dust loading and characterisation of dust aerosol particles 
properties is performed by evaluating the angular distribution of the sky brightness along two 
main directions: the solar principal plane, comprised of sky points with same azimuth angle as 
the Sun; and the solar almucantar, with sky points with same zenith angle as the Sun (e.g., 
Kaufman et al., 1994; Devaux et al., 1998; Dubovik and King, 2000). In particular, the dust size 
distribution can be derived with measurements of the intensity decay of the solar aureole 
(Figure 4.3); while the light scattering behaviour at intermediate and large scattering angles can 
provide relevant information on the aerosol particle shape (Figure 4.4, Figure 4.5). 
Although Navcams are not designed to observe the Sun directly (Navcam Sun pointing 
observations are generally overexposed, even with the minimum exposure time of 5.12 
milliseconds), the camera can be safely pointed at the Sun without damage (Maki, 2004; Maki 
                                                     




et al., 2012). On Figure 4.3 and Figure 4.6 (left) Navcam Sun pointing raw observations are 
provided. In those non-corrected images, due to the presence of the very bright solar disc, the 
effects of  blooming (overflow of charge from a pixel to its neighbours, resulting in white streaks) 
and frame transfer smear (generated in the pixel data transfer process as the cameras did not 
have mechanical shutters) can be clearly appreciated. Those clocking effects appearing on the 
cameras (Peters, 2016) had to be corrected and the resulting pixel-data values had to be 
converted into physical units; prior to performing the comparisons of the observed sky 
brightness with radiative transfer models in order to retrieve the dust particle properties. Within 
the PDS image database, radiometrically corrected RDR files (tagged with “RAD”) are available. 
The applied calibration procedure (named MIPLRAD) is reported in the MSL camera data 
products software interface specifications document (version 3.5, August 4, 2014) (Alexander 
and Deen, 2017). MIPLRAD applies the following corrections: flat field, exposure time and 
temperature-compensated responsivity. After this, the result is calibrated to physical units of 
radiance (W m2 nm-1 sr-1). However, as it is reported in the same document, the applied 
calibration consists in a first-order radiometric correction and should be considered approximate. 
In order to illustrate this, on Figure 4.6 a raw EDR Navcam Sun pointing observation (left) is 
compared to a radiometrically corrected RDR product (right). It can be observed that the 
radiometrically corrected data from the PDS archive show a burnt area in the solar disc region, 
covering up to approximately 15º of scattering angle, thus making these RDR files not suitable 
for studying the sky brightness angular decay within the forward scattering region. Therefore, 
the implementation of a radiometric correction for calibrating the EDR files was required for this 
research study. As these cameras are build-to-print copies of MER engineering cameras (Maki, 
2004; Maki et al., 2003, 2012), the in-flight calibration procedure developed by Soderblom et al. 
(2008) for MER Navcam was adapted to MSL engineering cameras to this purpose. 
 
Figure 4.3. MSL Navcam Sun pointing observations. Images generated from EDR files with 12-bit resolution, pixel 
brightness DN values ranging 0 to 4095. For clarity, images are shown in square root scale. Left: sol 637, LS = 134.4º 
(non-dusty season), LTST 13:41. Right: sol 864, LS = 269.7º (northern winter solstice, dusty season), LTST 13:48. On 
both observations, the solar elevation angle above the local horizon was around 56º. The regions with DN values of 100 
(cyan), 200 (magenta) and 300 (yellow) contour-lines have been plotted. Image smear and blooming effects can be 
appreciated on these non-calibrated images due to the presence of the very bright solar disc (Peters, 2016). Source: 







Figure 4.4. MSL Navcam sky-survey observations. Navcam sky-survey sequence retrieved on sol 1268, LS = 116.1º 
(MY 33), LTST covering 16:30 to 16:40 (solar elevation angle of 16º to 14º), and the polar-plot composition of the full 
sequence. For clarity, the square root of the radiance values has been plotted. In all images, the azimuth-elevation grid 




Figure 4.5. MSL Hazcam observations. Hazcam images obtained on sol 1947, LS = 121.15º (MY 34), LTST ~ 17h and 
the solar elevation angle is about 11º. From top to bottom, left to right: FLB, FRB, RLB, and RRB. For clarity, the square 
root of the radiance values has been plotted. The azimuth-elevation grid (white), scattering angles (yellow) and solar 
almucantar (cyan) contours are shown. 
 
Figure 4.6. Comparison of Sun pointing Navcam observation PDS image products. MSL Navcam SAPP sequence Sun 
pointing observation file NRB_449782783EDR_F0301366SAPP07612M1.IMG; sol is 589, LS = 111.15 (MY 32), LTST = 
13:22:50, with solar elevation angle of 55.44º. Left: Raw EDR image file. Right: Current MIPL radiometrically corrected 
RDR product (RAD) (Alexander and Deen, 2017). Source: Adapted from Chen-Chen et al. (2019a)  
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4.2. Photometric calibration 
The photometric calibration converts the MSL Navcam and Hazcam raw EDR files, with 12-bit 
pixel DN values, into physical units of absolute radiance (W m-2 nm-1 sr-1). 
For pixel located at row 𝑖 and column 𝑗 of an MSL Navcam/Hazcam observation, the following 
expression summarises the corrections are applied through the calibration procedure: 
 𝐶(𝑖, 𝑗)= 







- 𝐶 is the flux value of the calibrated image pixel, in units of DN/s 
- 𝑅 is the raw EDR input value of the pixel, in units of DN 
- 𝐵 is the bias correction, which depends on the imager electronics temperature 𝑇𝑒𝑙𝑒𝑐 (ºC), 
and the pixel position 
- 𝐷 is the dark current correction, depending on the camera CCD temperature 𝑇𝐶𝐶𝐷 (ºC), 
and the exposure time 𝑡𝑒𝑥𝑝  (seconds) 
- 𝑆 is the shutter smear removal correction 
- 𝐹 is the flat field image 
In the following paragraphs, the stages of the calibration procedure implemented for this 
research are described. The summary tables with the retrieved calibration parameters are 
provided on Table 4.2 (MSL Navcam) and Table 4.3 (MSL Hazcam). It is pointed out that not all 
the Hazcam cameras were used in this study, therefore the resulting calibration parameters are 
provided only for those cameras which observations were considered (FLB, FRB, RLB, and 
RRB). 
The full description of the in-flight calibration process for MER Navcam can be found in 
Soderblom et al. (2008). Additional information regarding the calibration of Martian surface 
cameras may be found in Bell et al. (2003, 2006) for MER Pancam, and Bell et al. (2017) for 
MSL Mastcam. 
4.2.1. Bias removal 
MSL engineering cameras CCD vertical serial register line contains an additional set of “prefix” 
(17) and “suffix” (15) pixels that are masked off from the light and are read out with each image-
column (Peters, 2016; Alexander and Deen, 2017). These 32 pixels are called “reference pixels” 
(labelled as ERP files in the PDS archive) and they record the bias added by the video offset to 
the signal to prevent it from reaching zero values. Within an ideal scenario, these reference 
pixel files shall be generated for each observation, so the added bias could be derived and 
subtracted. For images with a corresponding ERP file, the bias is estimated as the mean of 
columns 4 through 16 of the reference pixel file. However, due to the mission downlink data-rate 
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limitations only few MSL engineering cameras observations with reference pixel data were 
retrieved. For instance, by sol 1648 within Navcam’s approximately 70,000 observations there 
were only 520 ERP files available. Therefore, for those observations with no corresponding 
ERP file, the added bias needs to be modelled.  
Based on the accumulated experience from previous cameras (Bell et al., 2003, 2006, 2017), 
the bias is modelled with a mean value depending on the device electronics temperature (𝑇𝑒𝑙𝑒𝑐), 
and a parameter taking into account the column-to-column variation from the mean bias value 
(Soderblom et al., 2008). 
The bias correction B for a column 𝑗 is estimated using the following expression: 
 𝐵(𝑗, 𝑇𝑒𝑙𝑒𝑐) = 𝑎0 + 𝑎1 · exp(𝑎2 · 𝑇𝑒𝑙𝑒𝑐) + bias_offset(𝑗) (4.2) 
In this expression, 𝑎0 + 𝑎1 · exp(𝑎2 · 𝑇𝑒𝑙𝑒𝑐) models the electronics dependence of the column-
averaged bias (biasmean), with constants 𝑎0, 𝑎1 and 𝑎2; while bias_offset(𝑗) describes the offset 
for column 𝑗 from this mean bias. 
Mission cruise stage reference pixel data and the limited set of in-flight reference pixel data 
were combined to derive the parameters 𝑎0 , 𝑎1  and 𝑎2 , and the bias_offset(𝑗)  for the bias 
modelling of Navcam and Hazcam cameras. For each observation and its corresponding ERP 
file, the bias for each column, bias(𝑗), was calculated as the mean of rows 4 through 16 of the 
prefix ERP data; pixel values exceeding more than 2σ from the median were assumed to be 
spurious data and were not considered in the average. 





The offset bias for each column from the mean bias value, bias_offset(𝑗), was calculated by 
subtracting the biasmean from the calculated column bias, bias(𝑗): 
 bias_offest(𝑗) = bias(𝑗) −  biasmean (4.4) 
On Figure 4.7 (Navcams) and Figure 4.8 (Hazcams), the resulting charts from this bias 
characterisation stage are shown. For each MSL engineering camera, an individual set of 
parameters (𝑎0, 𝑎1, 𝑎2) were derived for modelling the mean bias. In the case of the bias offset 
value as a function of the column index, bias_offset(𝑗); as the resulting functions were similar 
within each set of Navcam and Hazcam imagers, the obtained results were approximated with a 




Figure 4.7. MSL Navcam bias correction parameters. Left: Mean normalised bias as a function of the electronics 
temperature for each Navcam, derived from cruise stage and in-flight data. The exponential curve corresponds to the 




Figure 4.8. MSL Hazcam bias correction parameters. Left: Mean normalised bias as a function of the electronics 
temperature for each Hazcam from data acquired from cruise stage and in-flight data. Exponential curves correspond to 
the bias model described by equation (4.2). Right: Offset bias profiles as a function of the image column index.  
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4.2.2. Dark current removal 
Dark current in an image sensor is the signal generated in a pixel that is not related to the 
absorption of a photon. Thermally excited electrons freed from the CCD are captured by the 
pixel, limiting the performance of the imagers and producing false signal (brightening) and noise. 
As Navcam and Hazcam exposures are not shuttered, it is not possible to measure the amount 
of dark current that accumulates in a pixel during daytime operations; while at night, 
temperatures are too low to generate measurable dark current. Therefore, the dark current shall 
be modelled. 
The brightening of the image due to dark current increases significantly at high CCD 
temperatures and it accumulates during exposure and frame transfer, as image’s portions 
located further from the read-out register are transferred through longer distances, accumulating 
more dark current (Peters, 2016). 
The rate at which dark current accumulates in a pixel located at (𝑖, 𝑗) can be approximated by an 
exponential function of the CCD’s temperature (𝑇𝐶𝐶𝐷); and the total dark current accumulated in 
a pixel, 𝐷(𝑖, 𝑗), can be then calculated as a product of the this rate and the collection (exposure 
and read-out) time (𝑡), 
 𝐷�𝑖, 𝑗, 𝑇𝐶𝐶𝐷 , 𝑡𝑒𝑥𝑝� = 𝑡 · �𝑏0𝑖,𝑗 · exp(𝑏1𝑖,𝑗 · 𝑇𝐶𝐶𝐷)�, (4.5) 
where 𝑏0𝑖,𝑗 and 𝑏1𝑖,𝑗 are constants independent of temperature. 
The frame transfer read-out method of MSL engineering cameras (Peters, 2016) allows 
modelling the dark current into two separate components: the active-area and the masked-area 
dark currents. They correspond to the contributions of the accumulated charge when the 
detector is exposed to the scene (active-area dark current) and when the CCD is being read out 
(masked-area dark current) 
This way, the dark current correction D for a pixel located at row 𝑖, column 𝑗 is, 
 𝐷�𝑖, 𝑗, 𝑇𝐶𝐶𝐷 , 𝑡𝑒𝑥𝑝� = 𝐷𝑀𝑎𝑠𝑘𝑒𝑑(𝑖, 𝑗, 𝑇𝐶𝐶𝐷) + 𝐷𝐴𝑐𝑡𝑖𝑣𝑒�𝑖, 𝑗, 𝑇𝐶𝐶𝐷 , 𝑡𝑒𝑥𝑝�, (4.6) 
where 𝑡𝑒𝑥𝑝 is the exposure time. 
Masked-area dark current 
The read-out time of a full frame Navcam image from the masked region of the CCD is about 
5.4 seconds (Maki et al., 2012). During this period, the dark current accumulates and is added 
to the signal. The image columns located farther from the read-out register take longer time to 
be read out and therefore accumulate more dark current than columns located closer, therefore 
the masked area dark current shall be modelled and removed from the image. As the dark 
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current accumulated in a single pixel depends of the rest of the CCD’s pixel through which the 
signal was propagated during the read-out, for practical reasons the masked area dark current 
model is separated into two components: the mean dark current of the masked region of the 
CCD (dark_meanMasked), and a scaling factor for each individual pixel, similar to a flat field image, 
the masked-area dark current flat (𝐷𝐹𝑀𝑎𝑠𝑘𝑒𝑑 ) (e.g., Bell et al., 2003, 2006). Therefore, the 
masked-area dark current at a pixel located at row 𝑖, column 𝑗 can be written as: 
 𝐷𝑀𝑎𝑠𝑘𝑒𝑑(𝑖, 𝑗, 𝑇𝐶𝐶𝐷) = dark_meanMasked(𝑇𝐶𝐶𝐷) × 𝐷𝐹𝑀𝑎𝑠𝑘𝑒𝑑(𝑖, 𝑗) . (4.7) 
The mean masked-area dark current can be derived using Equation (4.5): if the coefficients and 
read-out time within the CCD are assumed to be constant and the time parameter is 
incorporated into the constant coefficients of the expression, this results in: 
 dark_meanMasked(𝑇𝐶𝐶𝐷) = 𝑐0 · exp(𝑐1 · 𝑇𝐶𝐶𝐷) . (4.8) 
The masked-area dark current was modelled using a set of cruise stage zero-second exposure 
dark images obtained over a range of temperatures (the list of MSL images used is provided on 
Table 4.2 and Table 4.3 for Navcam and Hazcam, respectively). On these images, the bias was 
first removed following the procedure described in Section 4.2.1. Next, hot pixels (pixels with 
values greater than 5 sigma from the mean value of a 20-pixel box average) were replaced by 
the mean value; and finally, the mean masked-area dark current for each image was calculated 
using the centre 1024×256 pixels (Bell et al., 2006; Soderblom et al., 2008). Due to the diverse 
CCD temperature values existing for each camera, the calculated mean masked-area dark 
current for each image was modelled with expression (4.8) combining all the data for each set 
of cameras. The values of the calculated masked-area mean dark current are provided in Figure 
4.9 as a function of the CCD temperatures, together with the obtained model fit coefficients 
described by equation (4.8), with 𝑐0 = 3.734 DN, 𝑐1 = 0.13036 ºC
-1 for MSL Navcam; and 𝑐0 = 
9.976 DN, 𝑐1 = 0.09917 ºC
-1 for MSL Hazcam. 
The modelled masked-area dark current flat image, 𝐷𝐹𝑀𝑎𝑠𝑘𝑒𝑑(𝑖, 𝑗) in equation (4.7), for each 
Navcam and Hazcam imager was calculated as the average of the masked-area dark current 
images normalised by the mean dark current retrieved from the central region (1024×256). Only 
data retrieved with CCD temperatures > -20 ºC (considered as of high signal-to-noise ratio) 
were used for deriving the masked-area dark current flats for each camera. The resulting 
images are provided on Figure A.1 (Navcam) and Figure B.1 (Hazcam) in their corresponding 
appendix section: APPENDIX A for Navcam, APPENDIX B for Hazcam. 
In summary, the masked-area dark current of an MSL engineering camera image is modelled 
using equation (4.7) using as inputs: the CCD temperature recorded in the image label, the 
corresponding 𝑐0, 𝑐1 parameters derived for each set of engineering cameras, and the masked-
area dark current flat image generated for the specific imager. 
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Active area dark current 
Active area dark current accumulates while an image is integrating on the scene an adding to 
the total signal (Soderblom et al., 2008). Following a similar approach as for the masked-area 
dark current, the active-area dark current is modelled as two components: the mean dark 
current accumulated in the active region of the CCD (dark_meanActive), and a scaling factor for 
each individual pixel (𝐷𝐹𝐴𝑐𝑡𝑖𝑣𝑒): 
 𝐷𝐴𝑐𝑡𝑖𝑣𝑒�𝑖, 𝑗, 𝑇𝐶𝐶𝐷 , 𝑡𝑒𝑥𝑝� = 𝑡𝑒𝑥𝑝 · dark_meanActive(𝑇𝐶𝐶𝐷) × 𝐷𝐹𝐴𝑐𝑡𝑖𝑣𝑒(𝑖, 𝑗). (4.9) 
The active-area mean dark current can be obtained by dividing equation (4.5) by the exposure 
time (𝑡𝑒𝑥𝑝) and assuming that the corresponding coefficients (in this case: 𝑑0, 𝑑1) are constant 
across the CCD: 
 dark_meanActive(𝑇𝐶𝐶𝐷) = 𝑑0 · exp(𝑑1 · 𝑇𝐶𝐶𝐷). (4.10) 
The active-area dark current for Navcam and Hazcam cameras was modelled using a set of 
cruise stage dark images acquired at a variety of temperatures with non-zero exposure 
durations. On these images, the bias was first removed following the procedure described in 
Section 4.2.1. Next, the masked-area dark current was modelled and removed using equation 
(4.7), leaving then only the active-area dark current signal. After this, “hot pixels”, with values 
greater than 5 sigma from the mean value of a 20-pixel box average, were replaced by the 
mean value; and finally, the mean active-area dark current for each image was calculated by 
dividing the mean dark current from the central region (256×256) pixels by the exposure 
duration. In a similar manner as proceeded in the modelling of the masked-area dark current, 
single active-area dark current rate models were made combining data from each set of 
Navcams and Hazcams. The obtained mean active-area dark current values are provided in 
Figure 4.9 as a function of the CCD temperatures, together with the obtained model fit 
coefficients described by equation (4.10), with 𝑑0 = 12.188 DN s
-1, 𝑑1 = 0.10072 ºC
-1 for MSL 
Navcam; and 𝑑0 = 17.877 DN s
-1, 𝑑1 = 0.09286 ºC
-1 for MSL Hazcam. 
The active-area flat images, 𝐷𝐹𝐴𝑐𝑡𝑖𝑣𝑒(𝑖, 𝑗) in equation (4.9), were derived by normalising the 
active-area dark current image by the mean dark current from the centre 256×256 pixels. 
Normalised active-area flat images calculated from images with high signal to noise ratio (CCD 
temperatures > -20 ºC) were averaged to derive the active-area flat images. The resulting 
images are shown in Figure A.2 (Navcam) and Figure B.2 (Hazcam) in the corresponding 
appendix section. In summary, the active-area dark current for MSL Navcam and Hazcam is 
modelled using equation (4.9) with the following inputs: the CCD temperature record, the 𝑑0, 𝑑1 
parameters derived for each sets of cameras, and the active-area dark current flat image 




Figure 4.9. MSL Navcam and Hazcam dark current correction parameters. Left: Bias-corrected masked-area mean dark 
current values calculated from averaging central-region pixels (1024×256) as a function of CCD temperature for 
Navcam (top) and Hazcam (bottom) from cruise stage zero exposure dark images. The exponential curve corresponds 
to the masked-area dark current model as described by equation (4.8). Right: Mean active-area dark current values 
averaged for the centre 256×256 pixels as a function of the CCD temperature for Navcam (top) and Hazcam (bottom) 
from cruise stage non-zero exposure dark images. The exponential curve corresponds to the active-area dark current 
model as defined in equation (4.10). The range of CCD temperatures covered in these graphs is for direct comparison 
purposes with results for MER Navcam reported in Soderblom et al. (2008). 
4.2.3. Shutter smear removal 
For frame-transfer CCDs with no mechanical shutters, the exposures are achieved by first 
removing the accumulated charge from all the pixels in the array, pausing for the selected 
exposure time and finally shifting the charges column-by-column to neighbouring columns, until 
they reach the vertical serial register located at the last column, from which they are read-out. 
During this transfer process, each pixel receives charge from both the scene and its neighbour 
pixel in its neighbouring column, causing the frame transfer smear effect, being especially 
significant when a bright feature is present in the image, such as the Sun or its reflection on a 
surface (Soderblom et al., 2008; Peters, 2016). 
MSL Navigation Cameras
MSL Hazard Avoidance Cameras
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The implemented shutter smear removal algorithm was derived from MER Pancam (Bell et al., 
2006) and Navcam (Soderblom et al., 2008), and when particularised for MSL the frame 
transfer direction for each imager, reported in the MSL Pointing, Positioning, Phasing and 
Coordinate Systems document (Peters, 2016), had to be taken into account (cf., Soderblom et 
al., 2008). The total shutter smear for a row 𝑖 is recursively calculated and removed for each 
column 𝑗, starting with 𝑗 = 0, corresponding to the column closest to the masked region (location 
of the detector’s read-out element), using the following expressions: 
 smear𝑖(𝑗) = 2 � �
scene𝑖(𝑛)
𝑡
� · 5.12 μsec
𝑗−1
𝑛=1
 , (4.11) 
 scene𝑖(𝑗) = signal𝑖(𝑗) − smear𝑖(𝑗), (4.12) 
 smear𝑖(0) = 0, (4.13) 
where 𝑡 is the exposure duration and signal is the bias and dark corrected DN of pixel (𝑖, 𝑗); the 
5.12 µsec term corresponds to the clock speed of the CCD. Because the shutter smear for an 
specific column depends on the observed radiance from all downstream lines, the analytical 
shutter smear can only be modelled for full-frame images or sub-framed images for which the 
sub-framed area starts at column 𝑗 = 0 (Soderblom et al., 2008) 
4.2.4. Flat field correction 
This step corrects the pixel-to-pixel sensitivity variations due to pixel individual efficiencies and 
field shading caused by the optical throughput of the camera, resulting in the non-uniform 
illumination of the CCD. Images (flat fields) of uniformly illuminated targets are used for 
correcting these effects. Pre-flight flat field images created for each MSL Navcam and Hazcam 
(Figure A.3 and Figure B.3 in the appendix section, respectively) were downloaded from the 
PDS imaging node and used in this correction step. 
4.2.5. Conversion to physical units 
As reported in Soderblom et al. (2008) for MER navigation cameras, the transformation from the 
resulting calibrated image 𝐶𝑖,𝑗 , with units of DN/s, after performing the operations listed in 
Equation (4.1) (bias correction, dark current removal, shutter smear removal, and flat fielded) to 
a calibrated image of the scene with physical units of absolute radiance, 𝐿𝑖,𝑗 (radiance units: W 
m-2 nm-1 sr-1), was modelled following a linear equation dependent on the camera’s CCD 
temperature.  
 𝐿𝑖,𝑗 = (𝐾0 + 𝐾1 · 𝑇𝐶𝐶𝐷) · 𝐶𝑖,𝑗 , (4.14) 
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where the coefficients 𝐾0 (units: W m
2 nm-1 sr-1 (DN s-1)-1) corresponds to the offset, and 𝐾1 
(units: W m2 nm-1 sr-1 (DN s-1)-1 ºC-1) is the slope. This assumption was based on the results 
from pre-flight MER Navcam calibration tests, in which the normalised pixel values (with units of 
DN/s) of the calibration images of an integrating sphere were compared against the measured 
radiances, following a similar the approach as described in Bell et al. (2006, 2017). 
For MSL engineering cameras these radiometric conversion coefficients where not available, as 
no pre-flight calibration test were performed on the MSL flight cameras. Therefore, 𝐾0 and 𝐾1 
values were estimated from default radiometric conversion coefficients of MER Navcams (e.g., 
Alexander and Deen, 2017), by averaging the coefficients provided for those cameras in Table 
2 of Soderblom et al. (2008). This resulted in 𝐾0 = 9.634e-6 W m
2 nm-1 sr-1 (DN s-1)-1, and 𝐾1 = 
















a0 = -176.64 DN 
a1 = 190.5 DN 
a2 = 0.0033 ºC-1 
a0 = -30.46 DN 
a1 = 41.3 DN 
a2 = 0.0125 ºC-1 
a0 = -37.59 DN 
a1 = 51.5 DN 
a2 = 0.0095 ºC-1 
a0 = -10.43 DN 
a1 = 45.4 DN 






Masked region mean rate: 
c0 = 4.155 DN; c1 = 0.1112 ºC-1 
Active region mean rate: 































K0 = 9.634e-6 W m2 nm-1 sr-1 (DN s-1)-1 ; 
K1 = 1.035e-8 W m2 nm-1 sr-1 (DN s-1)-1 ºC-1 
Adapted 
from MER (4) 
 
(1): https://pds-imaging.jpl.nasa.gov/data/msl/MSLNAV_0XXX/DATA/CRUISE/ 
(2): Dark masked and active flats are available in this public repository: http://www.ajax.ehu.es/hcc/Icarus2018153/ 
(3): https://pds-imaging.jpl.nasa.gov/data/msl/MSLNAV_0XXX/CALIB/ 
(4): Table 2 from Soderblom et al., (2008). A 15% of uncertainty is assumed for K0 and K1 values. 
 
 
Table 4.2. MSL Navcam calibration parameters 
CALIBRATION 
STAGE 












a0 = -25.45 DN 
a1 = 36.5 DN 
a2 = 0.0137 ºC-1 
a0 = -42.92 DN 
a1 = 56.7 DN 
a2 = 0.0104 ºC-1 
a0 = -10.78 DN 
a1 = 26.1 DN 
a2 = 0.0302 ºC-1 
a0 = -2.12 DN 
a1 = 29.3 DN 






Masked region mean rate: 
c0 = 9.976 DN; c1 = 0.0992 ºC-1 
Active region mean rate: 































K0 = 9.634e-6 W m2 nm-1 sr-1 (DN s-1)-1 ; 
K1 = 1.035e-8 W m2 nm-1 sr-1 (DN s-1)-1 ºC-1 
Adapted 
from MER (4) 
 
(1): https://pds-imaging.jpl.nasa.gov/data/msl/MSLHAZ_0XXX/DATA/CRUISE/ 
(2): Dark masked and active flats are available in this public repository: http://www.ajax.ehu.es/hcc / 
(3): https://pds-imaging.jpl.nasa.gov/data/msl/ MSLHAZ _0XXX/CALIB/ 
(4): Table 2 from Soderblom et al., (2008). A 15% of uncertainty is assumed for K0 and K1 values. 
 
 
Table 4.3. MSL Hazcam calibration parameters  
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4.3. Geometric reduction 
It is essential to determine the viewing and illumination geometries of the observation prior to 
the comparison of the observed intensities with model calculations to determine the optical 
properties of the Martian dust aerosol particles. In the geometric reduction stage (also known as 
“image navigation”), for each pixel of the image the corresponding values of azimuth, elevation 
and scattering angles are calculated with respect to a specific reference frame. Derivation of 
these geometric quantities is straightforward from knowledge of the rover orientation and solar 
incidence vector in a Martian surface reference frame centred on the rover (Mars Local Level 
Frame) and the camera pointing vector in the rover’s reference frame (Rover Navigation Frame) 
(Maki and Warner, 2013). 
The geometric reduction of MSL engineering camera images was calculated using the 
CAHVOR photogrammetric camera model system (Yakimovsky and Cunnningham, 1978; 
Gennery, 2006). In this camera model, a 3-dimensional point in the scenery is transformed into 
image pixel row-column coordinates using a system of six vectors: the camera centre position 
vector (C), perpendicular axis unit vector (A), the horizontal (H) and vertical (V) information 
vectors, and the optical (O) and radial distortion (R) vectors (Di and Li, 2004; Gennery, 2006). 
When modelling fish-eye lenses with very large field of view (>100º) such as Hazcams, the 
CAHVOR model is extend to the CAHVORE model, in which three more parameters are 
included on the vector (E) for correcting the lens-distortion (Di and Li, 2004). 
The component values of these vectors were retrieved from the PDS label of the EDR 
observation files, where they are designated as MODEL_COMPONENT within the 
CAMERA_MODEL DATA ELEMENTS section (Alexander and Deen, 2017). These elements 
can be inverted in order to assign to each image pixel the corresponding values of azimuth and 
elevation in the a local level coordinate frame system, with positive X, Y, and Z axes pointing at 
Mars’ north, east, and gravity nadir, respectively (Maki and Warner, 2013; Alexander and Deen, 
2017). The derived local azimuth and elevation angles were then used, together with the solar 
site azimuth and elevation angles, to calculate the scattering angle for each pixel of the image. 
When performing the geometric reduction of MSL Navcam Sun pointing image data, it was 
detected that the coordinates of the Sun centre position recorded in the image label data 
presented some deviation (generally less than 1º) with respect to the actual solar disc centre 
observed on these images. This may be caused by uncertainties in the rover’s attitude at the 
time of the observation, as it has been also reported previously for MER (Soderblom et al., 2008; 
Lemmon et al., 2015). For such cases, the centre of the bright solar disc was measured, the 
azimuth and elevation angles were calculated, and compared against the labelled Sun’s 
position; when there was detected a difference of more than 0.25º between the two values, the 
position of the Sun was updated, and the scattering angle for each pixel was then re-calculated. 
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4.4. Validation of calibration 
For MSL Navcam images, the uncertainty of the calibration procedure was estimated by 
comparing the radiance values of the calibrated images with radiometrically calibrated data of 
MSL Mast Camera (Mastcam). 
The Mastcam system is a pair of fixed-focal length, multispectral, colour CCD imagers mounted 
on the rover’s remote sensing mast: Mastcam-Left (M-34) has a 34 mm focal length, FOV of 
20º×15º, 1658×1200 pixel CCD; Mastcam-Right (M-100) has 100 mm focal length, FOV of 
6.8º× 5.1º. Both of them are equipped with the same 1658×1200 pixels CCD detector; and have 
an eight-position filter wheel, enabling them to take Bayer “true colour” images, multispectral 
images in the 400-1100 nm band, and two neutral density-coated Sun filters (Bell et al., 2017). 
The main objectives of Mastcam are to retrieve landscape observations for studying past and 
present geologic processes, document atmospheric and meteorological events, and provide 
support to other science activities and rover operations (Grotzinger et al., 2012; Bell et al., 
2017). 
For this purpose, the retrievals of Mastcam-Left filter number 4 were used, as the effective 
wavelength of this filter (674 nm) is the closest one to the effective wavelength of the navigation 
cameras (~650 nm). Mastcam observation data were retrieved from the PDS and the 
conversion from the archived 12-bit DN pixel values to physical units of radiance factor (𝐼/𝐹) 
and absolute radiance (W m-2 nm-1 sr-1) was performed using the corresponding image-label file 
recorded conversion values, as described in Section 5.2.7 of Bell et al. (2017). 
Martian sky and surface observations retrieved by both cameras, on which the same scene was 
captured with a similar pointing during the same sol at approximate LTST were selected. 
Following these criteria, a total of 16 pairs of Navcam and Mastcam observations were identified 
and used in the comparison (Table 4.4). Several regions of interest appearing on both 
observations were chosen, and the mean radiance value of these regions was obtained and 
compared (Figure 4.10); ending up with a total of around 110 different regions of interest. 
Comparisons showed that the radiance value differences between the calibrated Navcam 
images and Mastcam radiometrically corrected data were less than 2%; which is of the same 
order as the obtained by Soderblom et al. (2008) for MER Navcams when compared to Pancam. 
As the absolute radiance uncertainty estimated for Mastcam was about 10% (Bell et al., 2017), 
it was considered for this research study that the absolute radiance uncertainty of the calibrated 
MSL Navcam images is about 12%. 
For the validation of MSL Hazcam calibration parameters, multiple comparisons were performed 
between Hazcam and Navcam calibrated images. This criterion was selected for these imagers 
due to the existing significant differences between the cameras FOV ranges (Hazcam 125º 
square-degrees; Mastcam-Left 20º×15º), and pointing. The comparison procedure was similar 
to the one followed for Navcam’s calibration: observation pairs with similar pointing, and near in 
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LTST were selected for different sols, and the absolute radiance values for the same scenery 
features were compared. In this case, results showed average differences of less than 5% 
between both imagers; as Navcam absolute radiance uncertainty was estimated of about 12%, 
an absolute radiance uncertainty for Hazcam cameras of about 17% have been then considered. 
 
Navcam file Sol LTST Mastcam file Sol LTST Pointing 
NLA_400157480EDR_D0040000NCAM00510M1 30 13:32:28 0030ML0001340020100850D01_DRXX 30 13:36:12 Sky 
NLA_400791104EDR_F0040000NCAM00514M1 37 16:51:14 0037ML0001640030101309D01_DRXX 37 16:48:31 Sky 
NLA_403614285EDR_D0050104NCAM00524M1 69 12:07:28 0069ML0004860040102539D01_DRXX 69 12:17:19 Ground 
NLA_403797280EDR_F0050104NCAM00526M1 71 13:35:47 0071ML0004980040102589D01_DRXX 71 13:32:06 Cal. targ 
NLB_421372569EDR_F0060000NCAM00101M1 269 11:33:52 0269ML0011790040106119D01_DRXX 269 11:36:25 Ground 
NLB_449260422EDR_M0300786NCAM00505M1 583 16:08:54 0583ML0024390370300420D01_DRXX 583 16:01:10 Sky 
NLB_452004100EDR_F0311330NCAM00322M1 614 13:58:01 0614ML0025940050301802D01_DRXX 614 14:02:43 Ground 
NRB_452518799EDR_F0311330NCAM00323M1 620 09:07:45 0620ML0026540020302355D01_DRXX 620 09:03:50 Cal. targ 
NLB_461944914EDR_F0401378NCAM00390M1 726 13:43:05 0726ML0031010050305083D01_DRXX 726 13:40:12 Ground 
NLB_462486418EDR_D0402040NCAM00556M1 732 16:05:57 0732ML0031410080205207D01_DRXX 732 16:00:44 Sky 
NLB_468598450EDR_F0441140NCAM02343M1 801 12:15:14 0801ML0034990020400821D01_DRXX 801 12:24:47 Cal. targ 
NLB_505708078EDR_F0520936NCAM00203M1 1219 12:35:44 1219ML0055920120503562D01_DRXX 1219 12:33:47 Ground 
NLB_508102653EDR_F0521370NCAM00320M1 1246 12:01:32 1246ML0058130120504007D01_DRXX 1246 12:08:05 Ground 
NLB_509965530EDR_F0530186NCAM00320M1 1267 11:41:51 1267ML0059320120504318D01_DRXX 1267 11:54:30 Ground 
NLB_511122556EDR_F0531182NCAM00320M1 1280 12:31:39 1280ML0060170120504773D01_DRXX 1280 12:36:42 Ground 
NLB_521958717EDR_M0052444NCAM00567M1 1402 14:19:41 1402ML0068710030601789D01_DRXX 1402 14:10:13 Sky 
Table 4.4. MSL Navcam and Mastcam comparison observation pairs. List of Navcam and Mastcam observation pairs 
used for the validation of MSL Navcam image calibration procedure. The camera pointing is provided in the last column; 
“Cal. targ” stands for Mastcam’s calibration target, mounted at rover’s right-side top deck (Bell et al., 2017). 
 
 
Figure 4.10. MSL Navcam calibration validation. Left: Example of a matching-pair of Navcam-Mastcam images used for 
comparison. Background gray image is Navcam observation raw file NLA_403614285EDR_D0050104NCAM00524M1, 
obtained on sol 69, LS = 189.3º, at 12:07:28 LTST. Calibration and geometric reduction were performed on the file; a 
coordinate grid indicating azimuth and elevation angles with respect to the rover navigation reference frame (RNAV, 
Peters et al., 2016) is shown. The coloured area at the right of the image shows the scenery captured by the matching 
Mastcam observation, which is provided on the left-side inset. Mastcam image file is 
0069ML0004860040102539D01_DRXX, obtained ten minutes after Navcam’s observation (12:17:19 LTST), on the 
same sol. Right: The absolute radiance values were retrieved and compared for several regions of interest (approx. 110) 
within the 16 pair of Navcam-Mastcam observations, resulting in a mean radiance difference of less than 2%. Source: 




The retrieval and processing of the observation data used in this research study have been 
discussed in this chapter. The main observation properties and image file types contained in the 
database have been described. In order to improve the first-order calibration applied to the 
radiometrically corrected files, the image-processing steps for the implemented photometric 
calibration and geometric reduction of the MSL engineering cameras raw observations have 
been detailed; based on the MER Navcam in-flight calibration pipeline developed by Soderblom 
et al. (2008). The final outcomes of the calibration procedure have been summarised and 
provided on Table 4.2 (MSL Navcam) and Table 4.3 (MSL Hazcam). Finally, several images of 
multiple observation-targets retrieved by both MSL engineering cameras and MSL Mastcam 
(Bell et al., 2017) have been compared in order to validate the implemented calibration, 
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5. DUST PARTICLE SIZE AND OPTICAL DEPTH 
5.1. Introduction 
As already discussed in previous chapters, dust aerosol suspended in the Martian atmosphere 
plays a key role in its climate, as the atmospheric thermal and dynamic structure are mainly 
governed by the dust seasonal and spatial distribution and its radiative properties (e.g., 
Gierasch and Goody, 1972). The aerosol radiative properties (i.e., single scattering albedo, 
phase function, extinction efficiency) depend on the composition and the microphysical 
characteristics of dust particles. Many improvements have been achieved in the 
characterisation of dust aerosol particle properties thanks to different exploration missions using 
both orbital and surface-based observations (e.g., Dlugach et al., 2003; Smith, 2008; Kahre et 
al., 2017). While remote sensing instruments on-board orbiting spacecraft can provide wider 
spatial and temporal coverage; when these are compared to ground-based observations, due to 
the similarity in composition between airborne and surface dust more assumptions are required 
and more uncertainties arise in the retrieval process (Lemmon et al., 2015). 
This research work contributes to the study of Martian atmospheric dust particle physical 
properties by using MSL rover navigation cameras (Navcams) observations for complementing 
previous studies with independent retrievals of the particle size distribution effective radius 
parameters and the column optical depth, together with their seasonal and interannual 
variations over Gale Crater. The capability of MSL Navcams to obtain Mars’ sky images under 
multiple geometry configurations, including observations very close to the Sun, allows the 
retrieval of the sky brightness as a function of the angle away from the solar disc centre 
(scattering angle), which can be evaluated to constrain dust aerosol particle size distribution 
and its shape. In particular, the sky brightness under a forward scattering scenario (up to 30º 
away from the Sun), is not sensitive to the aerosol optical properties (the refractive indices, i.e., 
composition) and shape; as for small scattering angles the intensity is dominated by the aerosol 
single scattering phase function and differences are negligible for spherical and non-spherical 
particles (e.g., Pollack et al., 1979; Kaufman et al., 1994; Tomasko et al., 1999; Liou, 2002). 
In this study it is presented a methodology for measuring the dust particle size distribution and 
retrieving its optical depth using MSL Navcam Sun-pointing images. In Section 5.2 the Navcam 
observations dataset is described. In Section 5.3 the methodology used to retrieve the dust 
aerosol optical depth and particle size distribution is presented. In Section 5.4 the retrieval 
outcomes are shown, discussed and validated with retrievals from other instruments; and in 
Section 5.5 a summary of the findings of this work is provided. The main results of this chapter 
were published in Chen-Chen et al. (2019a).  
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5.2. Observations 
As discussed in Section 4.1, MSL rover Navcams are used to monitor the terrain surrounding 
the vehicle, to perform target designation and stereo-observations for supporting the operation 
of the rover. The four cameras are mounted on the rover’s remote sensing mast and are build-
to-print copies of MER mission instruments. They count with a 45-by-45 square degree field-of-
view, and are featured with a 1024 × 1024 pixel CCD detector with broadband visible filter with 
an effective wavelength of 650 nm. 
The MSL Navcam image database has accumulated more than 70,000 images up to mission 
sol 1648, covering MY 31 to 33. Within the dataset, 7,000 pictures were obtained with the 
camera pointing upwards, with an instrument elevation angle greater than 10º, so part of the 
Martian sky was captured. From these observations, those on which the solar disc was totally 
contained within the image-frame were selected. In order to reduce the sensitivity to the vertical 
distribution of dust in the plane-parallel atmosphere approach, the previous sub-set was further 
reduced by considering only observations with Sun elevation angle greater than 20º (e.g., 
Lemmon et al., 2015). 
This resulted in a final set of 65 Navcam images (Figure 5.1), all of them part of the Surface 
Attitude Pointing and Positioning (SAPP) observations sequence, which are used to update the 
rover’s position and orientation relative to the local Martian surface (Maki et al., 2012; Peters, 
2016). The list of Navcam observations used for this retrieval is provided in Table C.1 in the 
APPENDIX C. 
 
Figure 5.1. Sky brightness curves from Navcam observations. Left: Navcam image file 
NRB_519633718EDR_F0543156SAPP07612M1.IMG, obtained on sol 1376, LS = 171.85º, LTST 15:08:58. Solar 
elevation and azimuth angles were respectively 42.11º and 278.92º in Mars local level frame. Radiometric calibration 
and geometric reduction were performed on the image data. Saturated pixels (white region) were masked off the image 
and the azimuth-elevation grid and scattering angle contour lines are shown. The sampling paths for different directions 
are indicated: almucantar (in cyan, along the Sun’s elevation angle), principal plane (in yellow, along the solar azimuth 
angle), and diagonal (in magenta, from the solar disc’s centre to the image’s top-right corner). Right: The sky brightness 
as a function of the scattering angle for each sampling direction. Source: Adapted from Chen-Chen et al. (2019a)  
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5.3. Methodology 
Mars atmospheric dust aerosol properties were characterised by comparing MSL Navcam 
observations of near-Sun sky brightness with radiative transfer model computations. The 
radiative transfer model presented in Section 3.2 was used to simulate the sky radiance (in units 
of radiance factor, 𝐼/𝐹) as a function of the scattering angle (θ) observed by the navigation 
cameras. Dust aerosol particles radiative properties (single scattering albedo, phase function, 
etc.) were obtained from T-matrix code calculations for cylindrical particles, with D/L of 1.0 (e.g., 
Wolff et al., 2009).The retrieval procedure consisted in a brute-force scheme based in the 
iterative comparison of sky brightness curves observed by Navcams with radiative transfer 
simulated curves with 2 free parameters: the particle size distribution effective radius (𝑟𝑒𝑓𝑓), and 
the dust column optical depth at surface (𝜏0). The output of this retrieval is the pair of (𝑟𝑒𝑓𝑓, 𝜏0) 
parameters generating the best fitting model-simulation curve under a lowest mean quadratic 
deviation 𝜒2 criterion. 
For each Navcam observation: 
1. The Engineering Data Record (EDR) raw image file was retrieved from NASA’s Planetary 
Data System Imaging Node (PDS), and was calibrated following the guidelines provided in 
Section 4.2 in order to obtain the observed scene radiance, Lobs (W m2 nm-1 sr-1). This radiance 
was then converted into approximated radiance factor (𝐼/𝐹)𝑜𝑏𝑠 by dividing each pixel’s radiance 
value by the top of atmosphere (TOA) solar spectral irradiance at the time of the observation 
convolved to the Navcam filter bandpass (1.524 W m2 nm-1 sr-1 at 1 AU), and divided by 𝜋 
(Soderblom et al., 2008; Bell et al., 2017). The solar spectral irradiance data was obtained from 
Colina et al. (1996). 
2. Geometric reduction was performed on the calibrated observation as described in Section 4.3: 
for each pixel of the image, the corresponding values for the site azimuth and elevation were 
derived, together with the scattering angles. 
3. The Navcam observed sky brightness as a function of the scattering angle curve was 
generated by sampling the sky radiance factor along a diagonal sampling path (Figure 5.1). This 
path started at the centre of the solar disc (scattering angle 𝜃 = 0º) and finished at the furthest 
sky point on the image, which due to the observation’s geometry for all cases was located at the 
top right corner of the 1024×1024 pixel image. This sampling direction was selected in order to 
reduce the relevance of the aerosol vertical distribution by avoiding points with low elevation, 
and cover as much part of the sky brightness curve as possible (cf. Soderblom et al., 2008). 
The retrieved sky radiance curve was sampled from a scattering angle of 𝜃 =  4º to 30º, with 
steps of 1º. This sample range was selected in order to skip the saturated pixels located near 
the solar disc region, and to limit possible contributions from instrumental stray and scattered 
light. Additionally, this also alleviated the computational time requirements related to the number 
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of streams used in the radiative transfer code for computing the very forward scattering angle 
region. 
4. The modelled curve was generated using the radiative transfer model presented in Section 
3.2. For the solar longitude (LS) and local true solar time (LTST) of the observation, the 
atmosphere structure model was initiated and the atmospheric parameters at each layer were 
retrieved from the Mars Climate Database (MCD). Dust aerosol radiative properties (single 
scattering albedo, phase function) were calculated with the T-matrix code for cylindrical particles 
with aspect ratio D/L = 1 and leaving the particle size distribution effective radius (𝑟𝑒𝑓𝑓) as a free 
parameter (𝜈𝑒𝑓𝑓 fixed to 0.3). The vertical distribution of dust opacity 𝜏(𝑧) was generated using 
the modified Conrath profile expression (3.7); which depended on the atmospheric pressure, the 
solar longitude LS and the dust column optical depth at surface (𝜏0), which was left as the 
second free parameter.  
5. Once the model was generated, the radiative transfer problem was solved using the discrete 
ordinates method (DISORT) for each point in the sky along the defined sampling direction, in 
order to obtain the modelled sky brightness (in radiance factor, 𝐼/𝐹 ) as a function of the 
scattering angle. The viewing geometry configuration in the simulation was defined from the 
position of the Sun and the sky point coordinates retrieved along the sampling path. The 
number of moments used in the expansion of the aerosol model phase function was set to 250, 
while the number of streams was fixed to 32 (Buras et al., 2011).  
6. The Navcam observed sky brightness as a function of the scattering angle curve, 𝐼/𝐹𝑜𝑏𝑠(𝜃), 
and the modelled curve, 𝐼/𝐹𝑚𝑜𝑑(𝜃), were compared using a standard 𝜒2 method: 
 𝜒2 = � �






where for the 𝑁  sampled points along the curve, the Navcam observed and modelled sky 
radiance at the specific scattering angle were compared using a least squares quadratic error 
criterion, with variance 𝜎𝑖 = 0.12 associated with the absolute calibration uncertainty (12%) of 
MSL Navcam derived in Section 4.4. The reduced 𝜒2 parameter, 𝜒𝜈2, was then calculated by 
dividing the obtained 𝜒2 by the number of degrees of freedom of the problem, 𝜈 =  𝑁 –  2, which 
was equal to number of sampled points minus the number of free parameters of the retrieval, 
𝑟𝑒𝑓𝑓 and 𝜏0. 
The best fitting curve comparison was done in a successive manner, by comparing the 
observed sky radiance with each of the modelled sky brightness curves generated with 
combinations of the model free parameters (𝑟𝑒𝑓𝑓, 𝜏0). In order to cover a broad range of possible 
scenarios, the aerosol particle effective radius was iterated from 0.5 to 2.5 µm, with steps of 
0.02 µm; and the dust column opacity at surface was sampled between 0.1 (low dust) and 2.5 
(high dust content) with steps of 0.02. The size of the steps were limited due to computational 
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time requirements; and the limits of the (𝑟𝑒𝑓𝑓 , 𝜏0 ) sampling region were defined based on 
previous studies at MSL landing site (Lemmon, 2014; Smith et al., 2016; Vicente-Retortillo et al., 
2017; McConnochie et al., 2017). 
7. The set of parameters (𝑟𝑒𝑓𝑓 , 𝜏0 ) returning the minimum value for the mapped 𝜒2  were 
considered the solutions of the retrieval; the uncertainty level associated with each parameter 
was then calculated from the 68% confidence region (1𝜎 error) (Figure 5.2). 
5.4. Results and discussion 
In this section, the retrieval outcomes for the aerosol particle size distribution effective radius 
and dust column optical depth are presented (see Table C.2 in APPENDIX C), the seasonal 
variation of these parameters along MY 31 to 33 (Figure 5.3 and Figure 5.4) are evaluated, and 
the outputs and findings are put into context by comparing with results from previous studies. 
Finally, a discussion is provided regarding the sensitivity of the model and the uncertainties 
involved in the retrieval procedure. 
5.4.1. Dust optical depth 
The retrieved seasonal behaviour (Figure 5.3, bottom) shows the gradual decrease 
corresponding to the low dust opacity season, when optical depth shifts from initial values of 𝜏0 
~ 0.75 around LS = 40º, down to its minimum value of 𝜏0  ~ 0.41 at LS = 135º (northern 
hemisphere summer). After this point, a noticeable increase can be appreciated right before LS 
= 150º reaching values of 𝜏0 ~ 0.75; up to maximum opacity values retrieved during this period 
of 𝜏0 ~ 1.0 (LS = 165º). A second period of enhanced dust activity can be observed after LS = 
200º, where there is a steep increase in atmospheric dust loading with opacities scaling from 𝜏0 
close to 0.80 up to 𝜏0 > 1.25; which corresponds to the maximum optical depth in the retrieved 
seasonal cycle. The dust column opacity at surface drops back to opacity values of 0.80 (LS ~ 
300º) previous to a third active dust period observed around LS = 325º, when a subtle increase 
can be detected reaching 𝜏0 ~ 1.0, before the final descent at the end of the year down to 
opacity values of 0.70 (only data for MY 31). 
The seasonal behaviour of dust optical depth obtained with MSL Navcam agrees with previous 
descriptions of long-term dust opacity records retrieved by different missions since MY 12 
(Viking Lander 1 and 2; Colburn et al. 1989) for periods without global dust storms (e.g., Figure 
10.3 in Kahre et al., 2017). In particular, within the MSL mission context, both interannual and 
seasonal column optical depth behaviour present an overall good agreement with other MSL 
instrument opacity results derived by other authors (cf., Lemmon, 2014, Smith et al., 2016, 
McConnochie et al., 2017). 
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Figure 5.2. Dust optical depth and particle size distribution effective radius results. Results for three scenarios under 
different atmospheric dust loading conditions are shown on each row: on the left, the χ2 values of the model-observation 
curve fitting in the 𝜏0-𝑟𝑒𝑓𝑓 parameter space are mapped. The location of the minimum χ
2 and the contours for the 68.3%, 
95.4% and 99.7% confidence interval limits are indicated. On the right, the Navcam retrieved sky radiances (gray) and 
the best fitting model curve (red line) are graphed, together with the binned observation data (black) and the error-bars 
representing the absolute calibration uncertainty associated with the imager (12%). Source: Adapted from Chen-Chen et 
al. (2019a). 
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5.4.2. Dust particle effective radius 
The seasonal and interannual variations of dust aerosol particle effective radius are shown in 
Figure 5.4; these are put into context by comparing with retrievals from other MSL instruments: 
passive sky spectral observations by ChemCam (McConnochie et al., 2017), and REMS UV 
photodiodes (Vicente-Retortillo et al., 2017). 
The retrieved seasonal behaviour (Figure 5.4, bottom) shows a steady decrease during the first 
half of the aphelion season (LS = 0º to 180º), with 𝑟𝑒𝑓𝑓 varying from 1.40 μm down to minimum 
values of 0.80-0.90 μm (LS ~ 130º); whereas the second half of the aphelion period it is featured 
with a gradual increase, reaching an effective radius of 1.50 μm around LS = 180º, which also 
corresponds to an enhancement in the dust column opacity. At the beginning of the northern 
autumn season (LS = 180º to 270º), the retrieved effective radius decreases to 1.20 μm, before 
larger particle sizes of 𝑟𝑒𝑓𝑓 ~ 1.50 μm (especially in MY 31) are observed in the proximity of LS = 
230º. At the end of the year, a new decrease can be appreciated with 𝑟𝑒𝑓𝑓 values dropping to 
1.00 μm (LS = 300º, only MY 31 data), prior to a final shift back to 1.30 μm around LS = 350º. 
A discrepancy in the retrieved seasonal behaviour with respect to ChemCam and REMS UV 
results can be appreciated on the figures, especially during the second half of the year. A 
possible explanation for this may be found in the analysis of the interannual behaviour (Figure 
5.4, top). The lack of ChemCam data for the perihelion season (LS = 180º to 360º) of MY 33 (sol 
> 1400) does not make it possible to evaluate the actual level of discrepancy; however, results 
for the first hall of MY 33 (sols between 1000 and 1400) show that the estimated particle 
effective radii are smaller when compared to the same period of MY 32, and therefore it might 
reduce the existing deviation from those studies. 
5.4.3. Relationship between dust particle size and optical depth 
Retrieval results of dust column optical depth and aerosol particle size distribution effective 
radius are shown in Figure 5.5. The coefficient of determination (R2) was calculated for these 
variables resulting in a value of 0.49, which indicates a low-to-medium correlation. The same R2 
coefficient applied to previous results for MSL site returned values of 0.69 and 0.67 for 
ChemCam and REMS UV retrievals, respectively (McConnochie et al., 2017; Vicente-Retortillo 
et al., 2017). However, it is worth highlighting that the temporal range covered by the those 
instruments are different; being sols 1291, 1150 and 1646 the latest data record for ChemCam 
REMS UV and Navcam, respectively. If the observational data used in this study were limited to 
those dates, R2 correlation coefficients of 0.63 and 0.69 would be then obtained, respectively. 
 
  
5. DUST PARTICLE SIZE AND OPTICAL DEPTH 
98 
 
Figure 5.3. Dust aerosol column optical depth at surface derived with Navcam. Results for the interannual (top) and 
seasonal (bottom) behaviour of dust column optical depth at surface derived from the 65 Navcam observations, 
covering a period of almost 3 Martian Years, from sol 21 (LS = 162º, MY 31) to sol 1646 (LS = 338º, MY 33) are shown. 
Results are put in context with MSL Mastcam Sun direct imaging optical depth measurements (Lemmon, 2014). For 
comparison purposes with Mastcam results, the retrieved dust column optical depth by Navcam is referenced to a 
wavelength of 880 nm. Source: Adapted from Chen-Chen et al. (2019a). 
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Figure 5.4. Dust aerosol particle size distribution effective radius retrieved with Navcam. Interannual (top) and seasonal 
(bottom) behaviour of dust particle size distribution effective radius (reff) parameter derived with Navcam observations for 
MY 31, 32 and 33. Results from previous studies by MSL ChemCam (squares) (McConnochie et al., 2017) and REMS 
UV (spheres) (Vicente-Retortillo et al., 2017) are provided for comparison purposes. Source: Adapted from Chen-Chen 
et al. (2019a). 
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Figure 5.5. Relationship between dust particle effective radius and aerosol optical depth. Dust particle effective radius is 
plotted as a function of column optical depth. For comparison purposes, retrievals obtained by ChemCam 
(McConnochie et al., 2017) are included in the figure. Source: Adapted from Chen-Chen et al. (2019a). 
5.4.4. Sensitivity study 
In the retrieval procedure described above, some assumptions were made on part of the input 
parameters required in the radiative transfer model for simulating the sky brightness. In the next 
paragraphs, the robustness of the results of this study is evaluated by evaluating the sensitivity 
of the outputs to variations in the input parameters. 
Parameter retrieval. From the best-fitting regions of the 𝜒2 maps for the 𝑟𝑒𝑓𝑓-𝜏0 parameter space 
presented on Figure 5.2, it can be appreciated that the retrieval procedure presents more 
sensitivity to the column optical depth than to the effective radius. This is mainly due to the 
different influence that each parameter has on the simulated sky brightness curves: while the 
column optical depth 𝜏0 sets the overall radiance factor 𝐼/𝐹 values of the modelled curves, the 
effective radius 𝑟𝑒𝑓𝑓  predominantly controls the shape of the curve within the evaluated 
scattering angles. In order to estimate the effect of 𝜏0  parameter on the 𝑟𝑒𝑓𝑓  outputs, a 
simulation run was performed in which the column optical depth inputs were defined in 
accordance with Mastcam Sun imaging extinction measurements for the nearest sol (Lemmon, 
2014); it is reported that the average difference between the opacity values retrieved in this 
study and Mastcam measurements are of around 10%. When comparing the 𝑟𝑒𝑓𝑓  results 
derived in the nominal case (2 free parameters) with outputs of fixed-optical depth simulations, 
a mean difference of about 16% was obtained; being the largest discrepancy values (30% to 
45%) located in the LS = 120º-160º and 300º-330º windows. 
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Sky radiance sampling path. From the different sky radiance sampling paths presented in 
Figure 5.1, the diagonal direction was selected, in an analogous way to Soderblom et al. (2008). 
In order to evaluate the sensitivity of the results to the sampling direction, the retrieval outputs of 
the base model were compared to simulation results when sampling along the principal plane 
direction (sky points with same azimuth angle as the Sun). This comparison returned an 
average difference of 11% for the column optical depth, and 8% for the effective radius 
parameter. Mean differences for the 𝜒𝜈2 parameter were about 5% lower in the principal plane 
sampling case. 
Aerosol particle shape. Regarding the selected shape for dust aerosol particles, previous 
studies showed that this parameter has negligible influence in the forward scattering region of 
the brightness curve (scattering angles up to 30º) (Hansen and Travis, 1974; Pollack et al., 
1995). The sensitivity of the results to the selected shape of the particle was evaluated by 
comparing the outputs of two simulations using spherical and cylindrical particle models with 
diameter-to-length aspect ratio of 1.0. The comparison of the best fitting parameters under 
these simulations showed average differences of 7% for the optical depth and 13% for the 
aerosol particle effective radius; both quantities were contained within the uncertainty region of 
the nominal scenario. The average difference for the 𝜒𝜈2 parameter values were approximately 
less than 2% lower for the spherical particle simulation when compared to the base scenario 
with cylindrical particles. 
Effective variance of the aerosol particle size distribution. Additional retrievals were performed 
with different particle size distribution effective variance (𝜈𝑒𝑓𝑓 ) in order to characterise the 
sensitivity of the results to this parameter. Two simulations were run for aerosol particle size 
distribution 𝜈𝑒𝑓𝑓 set to 0.4 and 0.5 (e.g., Wolff et al., 2006; Tomasko et al., 1999). Results of 
these retrievals were compared with the base model (𝜈𝑒𝑓𝑓 = 0.3), obtaining in the 𝜈𝑒𝑓𝑓  = 0.4 
case, average differences of 2% and 11% for the best fitting dust optical depth and effective 
radius, respectively. For 𝜈𝑒𝑓𝑓 = 0.5, these mean variations were about 3% (in 𝜏0) and 13% (in 
𝑟𝑒𝑓𝑓 ). When evaluating the 𝜒𝜈2  parameter, the resulting values for the 0.4 and 0.5 effective 
variance models were 4% and 7% lower than the 0.3 case, respectively. 
Vertical distribution of the aerosol optical depth. This is related to the dust mass mixing ratio 
vertical distribution governed by the modified Conrath profile (3.7), which depends on the 
column optical depth at surface (𝜏0), and the 𝑙 and 𝜈 constants, which control the dust layer 
maximum altitude and the vertical profile shape, respectively. Additional simulations were 
performed using limit-values of these parameters, for dust layer top altitudes of 40 km (𝑙 = 1.75) 
and 80 km (𝑙 = 0.875), and dust profiles with exponential (𝜈 = 0.1) and step (𝜈 = 0.001) shapes. 
The outputs of these simulations showed that the model had no sensitivity to such variations. 
Surface albedo. In the radiative transfer model used in this study the surface albedo parameter 
was set to an average value of 0.20 for the Gale Crater region (cf., Anderson and Bell, 2010). 
For surface-based upward looking observations, it is expected that the surface reflectivity has 
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little impact on the retrieved image intensity; in contrast with in-orbit downward pointing 
observations, on which the reflection properties of the ground need to be separated from 
atmospheric dust scattering phase function (Pollack et al., 1995; Tomasko et al., 1999). Several 
retrievals were performed for different surface albedo values ranging from 0.10 to 0.50, and 
covering the possible values for the Gale Crater region (Anderson and Bell, 2010). The results 
of these retrievals showed that the effective radius and dust column opacity had no sensitivity to 
surface albedo variations. 
5.5. Summary 
It has been shown that the navigation cameras onboard MSL rover can be used to estimate the 
atmospheric dust opacity and constrain the aerosol particles size effective radius. For this study, 
a total of 65 Sun pointing Navcam observations were selected, spanning from sol 21 to sol 1646, 
covering 2.5 Martian Years. Radiometric calibration and geometric reduction were performed on 
the images following the calibration process derived in Chapter 4. The observed sky brightness 
as a function of the scattering angle were compared against modelled curves simulated with a 
multiple scattering radiative transfer model of Martian atmosphere (Section 3.2), in order to 
retrieve the optical depth and aerosol effective radius parameters that generate the best fitting 
curve. The obtained results for atmospheric dust loading showed variations of column optical 
depth from 0.4 (LS = 130º) to 1.4 (around LS = 220º); with aerosol particle effective radius 
constrained between 0.8 and 2.0 μm. The retrievals presented significant variations in the 
seasonal behaviour for both variables, showing a positive correlation between high optical 
depths and large particles. The outcomes of this work were compared with previous studies 
using different instrumentation onboard MSL rover and presented an overall good agreement 
(Lemmon, 2014; Smith et al., 2016; McConnochie et al., 2017). 
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6. DUST SINGLE SCATTERING PHASE FUNCTION 
6.1. Introduction 
The single scattering phase function describes the angular distribution of the scattered light by 
aerosols and it is strongly influenced by the size and shape of the particles. In particular, the 
light scattering behaviour at intermediate and large scattering angles can provide relevant 
information on the shape (Kaufman et al., 1994). The characterisation of the particle shape is of 
relevance as it affects the estimates of other parameters, such as the aerosol column opacity 
and the imaginary part of the complex refractive index (Dlugach et al., 2002; Merikallio et al., 
2011). While light scattering calculations for spherical particles are straightforward by using the 
Lorenz-Mie theory (e.g., Hansen and Travis, 1984), computations considering realistic 
dispersions of non-spherical particles may result very complex and computationally demanding 
(Dubovik et al., 2006; Yang et al., 2007; Yurkin and Hoekstra, 2007; Merikallio et al., 2013). 
Retrievals of Martian atmospheric dust phase function and constraint of particle shape have 
been performed by several authors using both orbital and surface-based observations (see 
Section 3.1). Chýlek and Grams (1978) first used a non-spherical randomly oriented particle 
model to fit Mariner 9 reflectance data during the 1971 dust storm. Pollack et al. (1995) 
evaluated Viking Lander sky images using a semi-empirical theory to model scattering 
properties by non-spherical particles (Pollack and Cuzzi, 1980) for fitting the observations. They 
retrieved a modest peak in the backscattering region that suggested sharp corners within the 
particle’s geometry. Dust single scattering phase functions derived with radiative transfer 
simulations to fit sky radiance data observed by Mars Pathfinder IMP camera showed good 
agreements with plate-like particles (Tomasko et al., 1999; Markiewicz et al., 1999). Wolff et al. 
(2001) compared MGS-TES dust emission phase function observations to radiative transfer 
simulations using T-matrix computations for randomly oriented non-spherical aerosols 
(Mishchenko and Travis, 1998), obtaining best-fits for cylindrical particles with diameter-to-
length aspect ratios (D/L) of 2.3 or 0.6. Further comparisons using sky radiance data observed 
by MER Pancam also derived similar results (Lemmon et al., 2004; Smith and Wolff, 2014). All 
of these investigations have shown that light scattering by dust aerosol is consistent with non-
spherical particles. However, the number of observations and seasonal coverage are limited. 
The objective of this study is to characterise Martian atmospheric dust scattering phase function 
using sky image data retrieved by MSL engineering cameras and to contribute to previous 
studies by extending the results with observations covering 4 Martian Years (MY 31 to 34). In 
this case, the large FOV offered by MSL Hazcam, together with their capability to obtain 
simultaneous observations and their frequent use, make them suitable for studying dust light 
scattering properties at medium and large scattering angles. 
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This Chapter 6 is structured as follows. In Section 6.2, the observation dataset used in this work 
is described. In Section 6.3 the methodology used in this study is detailed, including the 
description of the aerosol models considered. In Section 6.4 the outcomes of this work are 
presented and discussed, together with an analysis of the uncertainties and limitations of the 
method. Finally, Section 6.5 summarises the main findings of this research. Most of the content 
of this chapter has been reported in Chen-Chen et al., (2019b). 
6.2. Observations 
MSL Navcam and Hazcam observations were used in this research study. The complete list of 
Navcam and Hazcam observations used in this retrieval is provided on Table D.1 in the 
APPENDIX D of this dissertation. 
MSL Hazcam opportunistic simultaneous front and rear pointing wide FOV imaging capabilities 
have been used to retrieve the angular distribution of Martian sky brightness (Figure 6.1, top). 
The solar elevation angle is about 25º to 5º for observations taken between approximately LTST 
16:00 and 17:30, and the solar almucantar plane is contained within Hazcams’ FOV. Depending 
on the rover’s orientation and the surrounding topography, it is possible to retrieve the sky 
radiance as a function of the scattering angle with a 110º-coverage, and reaching up to 160º of 
scattering angle. The maximum scattering angle in the solar almucantar plane is given by 
𝜃𝑚𝑎𝑥 = 180º − 2𝜀𝑆𝑢𝑛 , where 𝜀𝑆𝑢𝑛  is the solar elevation angle. Therefore, the sampling of sky 
radiances along the solar almucantar direction was chosen for Hazcam observations. 
In addition to those observations, MSL Navcam full sky-survey sequences have been also 
considered (Figure 6.1, bottom). These datasets consist of multiple observations (usually 17 or 
18 images) obtained in the early morning or afternoon in which the complete upper hemisphere 
was captured. The sky radiance as a function of the scattering angle was retrieved along the 
solar almucantar, analogously to Hazcams’ images. 
It is shown on Figure 6.2, for all the observation data retrieved along the solar almucantar, the 
contour plot of the sky radiance as a function of the scattering angle (𝜃) and the solar longitude 
(LS). 
It can be appreciated that the sky brightness intensity and its angular distribution function 
follows a seasonal variation similar to the one derived for the dust column optical depth (e.g., 
Lemmon, 2014; Smith et al., 2016). The first part of the year (aphelion season) is characterised 
for its low dust activity and atmospheric optical depth; which can be also identified in the sky 
radiance curves, which show a steeper drop in the radiance values during this period (LS ~ 70º 
to 140º) in the lateral scattering region (𝜃 = 90º to 120º), when compared to a flatter curve 
present during the high dust loading season, centred on LS ~ 200º.  
6. DUST SINGLE SCATTERING PHASE FUNCTION 
105 
 
Figure 6.1. MSL engineering cameras observations for evaluating dust phase function. MSL Hazcam (top-row) and 
Navcam (bottom-row) images used for deriving the sky brightness angular distribution. The azimuth-elevation grid (white) 
with respect to a local site frame is shown, together with the scattering angles (yellow) and the solar almucantar plane 
(cyan). Top-row: FLB (left) and RLB (centre) Hazcam observations on sol 1947, LS = 121.15º, LTST ~ 17h, with solar 
elevation angle of 11º. On the right, the sky radiance retrieved by all Hazcam cameras (FLB, FRB, RLB, RRB) along the 
solar almucantar plane and the final observation curve derived from these contributions. Bottom-row: (Left) Navcam sky-
survey observations on sol 1268, LS =116.1º, LTST from 16:30 to 16:40, solar elevation angle of 16º to 18º. (Centre) 
Polar-plot of the full sky-survey sequence; for clarity, the square root of radiance values is plotted. The almucantar (cyan) 
and solar principal plane’s forward (magenta) and backward (green) region are also shown. On the right, the sky 
radiance sampled by each image of the Navcam sky-survey sequence on the solar almucantar (gray) and the final 
observation curve (red) are plotted. Source: Adapted from Chen-Chen et al. (2019b). 
 
Figure 6.2. Seasonal variation of sky radiance as a function of the scattering angle. MSL engineering cameras observed 
sky brightness (provided as radiance factor, I/F, in logarithmic scale) along the solar almucantar plane, as a function of 
the scattering angle (θ) and the solar longitude (LS). Radiance data is binned every 1º of scattering angle and averaged 
over a 20º interval in LS. Source: Adapted from Chen-Chen et al. (2019b).  
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6.3. Modelling and methodology 
In this work the radiative transfer modelled sky brightness curves were iteratively compared to 
MSL Engineering Camera observations, in order to derive the parameters of the dust single 
scattering phase function generating the best fitting simulation. In the next paragraphs, the 
followed methodology to model the angular distribution of sky radiance is described, together 
with the comparison criterion used. 
6.3.1. Radiative transfer model 
The radiative transfer scheme presented in 3.2 was used to solve the radiative transfer problem 
in this scenario. As a summary, the simulations were performed using the discrete ordinates 
method (Stamnes et al., 1988) for a multiple scattering plane-parallel atmosphere, with pseudo-
spherical correction (CDISORT, Buras et al., 2011; Hamre et al., 2013). The atmosphere was 
modelled with 30 layers distributed in linearly spaced pressure levels with a total height of 100 
km. The atmospheric structure parameters were retrieved from the Mars Climate Database 
(Forget et al., 1999; Millour et al., 2015). Only contributions to the opacity of the atmosphere 
from dust aerosol and Rayleigh scattering due to the CO2 were considered. 
6.3.2. Aerosol model 
The radiative transfer computations required only 3 parameters at each layer of the discretised 
atmosphere model for the radiance: the aerosol single scattering albedo (𝜔0) , the single 
scattering phase function 𝑃(𝜃), and the vertical distribution of the aerosol optical depth, 𝜏(𝑧). 
The dust optical depth at each layer 𝜏(𝑧) was modelled following a modified Conrath profile 
(Forget et al., 1999;  Heavens et al., 2011a), and  the total column optical depth input value 
required in these profiles were retrieved from MSL Mastcam direct Sun imaging extinction 
measurements (Lemmon, 2014) and MSL Navcam retrievals (Chen-Chen et al., 2019a). 
For 𝜔0 and 𝑃(𝜃), the following 3 modelling approaches were selected for this study: 
- Analytical phase function. A set of analytical single scattering phase functions were generated 
using a Double Henyey-Greenstein (DHG) three-parameter analytical expression (Kattawar, 
1975; Gillespie, 1992) in the form of: 
 𝑃𝐷𝐻𝐺(𝜃) = 𝛼
1 − 𝑔12
(1 − 2𝑔1𝑐𝑜𝑠𝜃 + 𝑔12)3 2⁄
+ (1 − 𝛼)
1 − 𝑔22
(1 − 2𝑔2𝑐𝑜𝑠𝜃 + 𝑔22)3 2⁄
 (6.1) 
Parameters controlling the forward scattering (g1), backward scattering (g2) and the forward-
backward ratio (α) were varied in order to simulate different aerosol phase functions (Ignatov, 
1997; Zhang and Li, 2016). The g1 parameter was iterated from 0.50 to 1.00 with steps of 0.01; 
g2 was varied between –g1 and +g1 (50 divisions) in order to prevent the backward scattering 
lobe from being greater than forward lobe and to avoid negative phase function values (Zhang 
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and Li, 2016). Finally, the parameter controlling the ratio (α) was iterated from 0.50 to 1.00 (fully 
forward scattering case) with 0.01 steps. Again, this was set in order to control the overall shape 
of the phase function and use representatives of actual airborne dust phase functions (e.g., 
Mishchenko et al., 1997; Dubovik et al., 2006). The single scattering albedo was fixed to ω0 = 
0.975 based on results derived from surface-orbit combined observations by Wolff et al. (2009) 
and particularised for MSL engineering cameras effective wavelength (𝜆𝑒𝑓𝑓  ~ 650 nm). 
- T-matrix. Previous studies have indicated the need to take into account the non-sphericity 
when modelling the optical properties of Martian dust (e.g., Pollack et al., 1977; Chýlek and 
Grams, 1978). Although there are available multiple models for calculating the scattering 
properties of non-spherical particles, software codes for simulating particle shapes with complex 
and irregular geometry or large ensembles of particles are very computationally demanding 
(Yurkin and Hoekstra, 2007; Wriedt, 2009). For this study, the T-matrix code was selected 
(Mishchenko and Travis, 1998) to calculate the radiative properties of randomly oriented 
cylindrical and spheroidal particles with different diameter-to-length (D/L) aspect ratios and 
sizes.  
For cylindrical particles, the calculated phase functions do simulate well the usual airborne dust 
phase function in the lateral scattering region (θ approximately from 90º to 120º) (Mishchenko et 
al., 1997). This way, single aspect ratio cylinders were considered (e.g., Wolff et al., 2009) and 
the D/L parameter was varied from 0.5 to 2.5 with steps of 0.1. 
In the case of spheroidal particles, the computed phase functions for single D/L spheroids 
present several features, such as peaks and function minimums, within that same scattering 
region (e.g., Figure 3 in Dubovik et al., 2006), being especially significant when D/L is near 1.0 
(spheres); therefore requiring the use of a distribution of aspect ratios and introducing then 
additional parameters to the retrieval (selected type of aspect ratio distribution and the 
associated variables) (Dubovik et al., 2006; Merikallio et al., 2011). In order to limit the number 
of free parameters and control the required computational time of the retrieval, as a first 
approach, a standard distribution of aspect ratios was implemented for spheroidal particles: the 
mean aspect ratio (D/Lmean) was varied from 0.5 to 2.5 with steps of 0.1, and the variance was 
fixed to 0.1. The values of the single scattering albedo and phase function were calculated 
assuming a power law particle size distribution for volume equivalent effective radius (𝑟𝑒𝑓𝑓 ) 
varying from 0.10 to 1.70 µm in 0.02 µm steps (e.g., Chen-Chen et al., 2019a), with effective 
variance 𝜈𝑒𝑓𝑓 = 0.3 (e.g. Mishchenko et al., 1997; Dubovik et al., 2006); the refractive complex 
index was derived from Wolff et al. (2009). 
- Laboratory measurements of Martian dust analogues. Experimental measurements of single 
scattering phase functions for different Martian dust analogue samples were retrieved from the 
Amsterdam-Granada Light Scattering database 5 (Muñoz et al., 2012). The scattering phase 
                                                     
5 https://www.iaa.csic.es/scattering/ 
6. DUST SINGLE SCATTERING PHASE FUNCTION 
108 
functions at 647 nm for basalt, JSC0, JSC200, JSC-1A and palagonite samples were evaluated 
in this study. For a comprehensive description of the sample’s properties, experimental set up 
and retrieval of the scattering matrices the reader is referred to the corresponding publications: 
basalt, JSC0 and JSC200 (Dabrowska et al., 2015); JSC-1A (Escobar-Cerezo et al., 2018) and 
palagonite (Laan et al., 2009). The single scattering albedo for each sample was approximated 
using the Lorenz-Mie theory (Mishchenko et al., 1995). For these computations, the particle size 
distribution parameters (𝑟𝑒𝑓𝑓 , 𝜈𝑒𝑓𝑓 ) and complex refractive index (m) of each sample were 
derived from the database (Table 6.1). 
It is summarised on Table 6.2 the dust aerosol models used in this work and their related 
parameters. 
 
Sample 𝒓𝒆𝒇𝒇(μm) 𝝂𝒆𝒇𝒇 𝒎 𝝎𝟎 Source 
 Basalt 6.9 7.0 1.52 + 𝑖 0.001 0.892 Dabrowska et al., 2015 
JSC0 29.5 1.1 1.5 + 𝑖 0.001 0.701 Dabrowska et al., 2015 
JSC200 28.1 1.2 1.5 + 𝑖 0.001 0.633 Dabrowska et al., 2015 
JSC-1A 15.85 2.28 1.65 + 𝑖 0.003 0.708 Escobar-Cerezo et al., 2018 
Palagonite 4.5 7.3 1.52 + 𝑖 0.0005 0.960 Laan et al., 2009 
Table 6.1. Martian dust analogues properties 
 
Aerosol model ω0 
Phase function, 𝑷(𝜽) 





Forward scattering (g1), 
backward scattering (g2), 
and ratio (α) 
g1: 0.50 to 1.00, step of 0.01 
g2: - g1 to +g1, 50 divisions 
α: 0.50 to 1.00, step of 0.01 







ratio (D/L), size distribution 
effective radius (reff) 
D/L: 0.5 to 2.5, step of 0.1 









Standard shape distrib. 
Mean diameter-to-length 
aspect ratio (D/Lmean), size 
distribution effective radius 
(reff) 
D/Lmean: 
0.5 to 2.5, step of 0.1 
reff: 











Martian dust analogue 
sample experimental 
phase functions at 647 nm. 
Samples:  
Basalt, JSC0, JSC200,  
JSC-1A, 
Palagonite 
Muñoz et al., 
2012; 
Dabrowska et al. 
2015; 
Escobar-Cerezo 
et al., 2018; 
Laan et al., 2009 
Table 6.2. Aerosol model parameters for radiative transfer simulations 
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6.3.3. Retrieval procedure 
An iterative retrieval scheme was implemented based on the comparison of radiative transfer 
simulations and MSL engineering camera observations of Martian sky brightness as a function 
of the scattering angle. A lowest mean quadratic deviation 𝜒2  criterion was considered for 
determining the best fitting curve. 
For each Hazcam/Navcam observation: 
1. Radiometric calibration and geometric reduction were performed as described in Chapter 4: 
for each image-pixel the corresponding values of absolute radiance, azimuth/elevation angles 
with respect to a Mars’ local site reference system and the resulting scattering angle were 
calculated. The absolute radiance was then converted into approximated radiance factor (𝐼/𝐹) 
units by dividing each pixel’s radiance value by the solar spectral irradiance at the top of the 
atmosphere at the time of the observation convolved to the Hazcam/Navcam bandpass (same 
for both imagers, 1.524 W m2 nm-1 sr-1 at 1 AU) and divided by 𝜋 (e.g., Soderblom et al., 2008). 
The solar spectral irradiance data was obtained from Colina et al. (1996). 
2. Retrieval of the observed sky brightness as a function of the scattering angle was performed 
by sampling radiance values along the solar almucantar plane.  
3. The simulated sky brightness curves were generated using the radiative transfer model for 
different combinations of aerosol modelling parameters (Table 6.2) and allocated in a look-up-
table (LUT). 
5. The observed sky radiance angular distribution function, 𝐼/𝐹𝑜𝑏𝑠(𝜃) , and the modelled, 
𝐼/𝐹𝑜𝑏𝑠(𝜃),   curves contained in the LUT were compared using a standard 𝜒2
 least squares 
quadratic error criterion: 
 𝜒2 = � �






For the 𝑁 sampled points along the curve a variance of 𝜎𝑖 = 0.20 was used as a conservative 
value associated with the absolute calibration uncertainty for MSL engineering cameras 
considered in Section 4.4. The reduced 𝜒2 values, 𝜒𝜈2, were calculated by dividing the obtained 
𝜒2 by the number of degrees of freedom 𝜈 =  𝑁 –  𝑓, where 𝑁 is the number of sampled points 
and 𝑓 the number of free parameters in the retrieval (𝑓 = 3 for DHG; 𝑓 = 2  for T-matrix and 1 
for laboratory measurements) (Table 6.2) 
6. The set of input parameters for each aerosol model generating the simulated sky brightness 
angular distribution with the minimum 𝜒22 value was considered the solution of the retrieval 
(Figure 6.3). The uncertainty level of the solution was estimated from the 68% confidence 
region (1σ error). 
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Figure 6.3. Comparison of observed and modelled sky brightness curves. Results of MSL Navcam (top) and Hazcam 
(bottom) observation comparisons to radiative transfer models: (left) the best fitting sky brightness as a function of the 
scattering angle simulations for the different aerosol models are provided; (right) the aerosol single scattering phase 
functions generating those best fitting curves. Phase functions are normalised to 1 at 30 degrees of scattering angle. 
Source: Adapted from Chen-Chen et al. (2019b). 
6.4. Results and discussion 
The methodology described in the previous Section 6.3 was followed to retrieve the aerosol 
model parameters generating the best fitting sky radiance simulations. In this section, the 
results of the parameterisation scheme are presented. A discussion is provided for studying the 
seasonal behaviour and the interrelationships of the resulting parameters and the uncertainties 
of the retrieval are evaluated. A summary table with the complete results of this study is 
provided in Table D.2 in the APPENDIX D of this dissertation. 
6.4.1. Double Henyey-Greenstein phase function parameters 
The seasonal and interannual behaviour of the DHG analytical phase function parameters (g1, 
g2, α), and their interrelationships are shown on the left and right columns on Figure 6.4, 
respectively. The average values retrieved for each parameter are: 𝑔1 =  0.889 ± 0.098 , 
𝑔2 =  0.094 ± 0.250 and 𝛼 =  0.743 ± 0.106. When recurring to the expressions provided on 
Zhang and Li (2016), these parameter values generate a single scattering phase function with 
an asymmetry factor of 𝑔 =  0.687 ± 0.081, which is in good agreement with previous results by 
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Wolff et al. (2009) at the 650 nm effective wavelength of MSL engineering cameras. It can be 
appreciated on Figure 6.4 that results for Hazcam observations (red) show a greater dispersion 
and larger uncertainties than Navcam dataset outcomes (blue). This is mainly related to the 
pointing particularities of each set of cameras; while mast-mounted free pointing Navcam sky-
surveys are capable of retrieving sky radiance curves covering scattering angles from 
approximately 10º to 150º, rover chassis fixed Hazcam observations are highly dependent on 
the geometry configuration at the specific LTST and location, thus retrieving image-sets with 
very different scattering angle coverage. 
Regarding the seasonal variability of the DHG parameters, the results obtained during the low 
opacity aphelion season (LS ~ 40º to 130º) show noticeable differences when compared to the 
rest of the year. The sensitivity to possible contribution from the aphelion cloud belt water-ice 
clouds in the retrieved sky radiance data during this particular season will be discussed below. 
In particular, the forward scattering parameter (g1) values tend to be lower within this time. As 
phase function values in the forward scattering region (θ ~ 5º to 30º) are related to the size of 
the particle (e.g., Kaufman, 1994; Tomasko et al., 1999), this may suggest the detection of 
smaller dust particles during this season. However, due to the differences in the scattering 
angle coverage by each observation, the lack of data in the forward scattering region may 
originate part of the dispersion in the results, therefore not providing strong evidences for 
identifying any particular seasonal behaviour. Seasonal differences can be also appreciated in 
the backward scattering parameter g2. In this case, the retrieved negative values are mostly 
located within the same aphelion period (LS ~ 40º to 130º). DHG analytical phase functions with 
a g2 < 0 are featured with a positive slope at the end of the backscattering region (minimum of 
phase function is at θ < 180º, existence of a peak). However, as in the previous case, the 
existing dispersion in the retrieved data does not allow to identify a clear seasonal behaviour for 
this parameter. 
The interrelationships between the DHG parameters are shown at the right column of Figure 6.4. 
In this case, output charts tend to be clearer and results show a positive correlation for (𝑔1, 𝑔2) 
parameters, and negative correlations for (𝑔1, 𝛼) and (𝑔2, 𝛼); being more evident in the latter 
case. The obtained negative correlations points out the role of the parameter 𝛼 as weighting 
factor for controlling the overall shape of the DHG phase function; when large lobes in the 
function are obtained at the forward scattering area (𝑔1 close to 1) or at the backscattering 
(negative 𝑔2), the parameter α tends to balance the counterpart region by shifting to 0.5 or 1.0, 
respectively. 
Finally, regarding the interannual variability analysis, the different number of available 
observation data per MY and its seasonal distribution, sums up to the abovementioned 
dispersion of the retrieval results. Therefore it is not possible to conclude that any particular 
interannual behaviour was derived from the evaluated data. 
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Figure 6.4. Double Henyey-Greenstein parameters seasonal variation and relationships. The seasonal behaviour (left 
column) and the existing interrelationships (right column) for DHG phase function parameters (g1, g2, α) generating the 
best-fitting sky radiance model to MSL Navcam (blue) and Hazcam (red) observations. Colour shades indicate MY 31 
(clearest) to MY 34 (darkest). No data for Navcam MY 31. Source: Adapted from Chen-Chen et al. (2019b). 
6.4.2. Dust shape 
The retrieval results for the diameter-to-length aspect ratio parameter for randomly oriented 
cylindrical and spheroidal particles calculated with T-matrix are shown on the top and bottom of 
Figure 6.5, respectively. 
For the cylindrical particles case, the frequency of aspect ratio counts returned average D/L 
values of 0.70 and 1.90 with an uncertainty of about 0.20, when differentiating D/L values larger 
and smaller than 1.0. These results present a good agreement with previous studies, e.g.: 0.60 
or 2.30 by Wolff et al. (2001). Regarding the seasonal evolution of the diameter-to-length aspect 
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ratio of cylindrical particles, it is not possible to conclude that the retrieved results show any 
clear seasonal variability, although average values tend to be slightly larger for the low opacity 
aphelion season (LS ~ 0º to 150º). 
When evaluating the results for spheroidal particles, on the bottom graph of Figure 6.5 it can 
appreciated that there is a clear trend for oblate spheroids or “disks” (diameter-to-length aspect 
ratio D/L > 1). The average of the standard shape distribution mean D/L when only considering 
the oblate spheroids was about 2.00, with an uncertainty of 0.40. This trend for disk-shaped 
particles is in agreement with previous studies; for instance, Murphy et al. (1993) concluded that 
the use of non-spherical disk-shaped particles (in that case, D/L ratio was around 10.0) resulted 
in an improved maintenance in suspension of the particles at subtropical latitudes in their 
model-observation comparisons, as well as in their retrieved visible-to-9 μm opacity ratios.  
Regarding the seasonal evolution of the aspect ratio parameter, larger D/L values are found in 
the spheroidal case concentrated within the LS 150º to 360º. However, it is not possible to 
conclude that the retrieved results show any clear seasonal variability in both cases. 
6.4.3. Martian dust analogue samples 
The results of the observation-model comparison retrieval showed that only two models 
generated the best fitting model curve: basalt (78% of the cases) and palagonite (22%). This 
outcome is mainly related to the significant differences that exist in the particle size distribution 
of the available dust analogue samples (𝑟𝑒𝑓𝑓,𝑝𝑎𝑙𝑎𝑔𝑜𝑛𝑖𝑡𝑒 = 4.5 µm, 𝑟𝑒𝑓𝑓,𝑏𝑎𝑠𝑎𝑙𝑡 = 6.9 µm, 𝑟𝑒𝑓𝑓,𝐽𝑆𝐶1𝐴 = 
15.85 µm, 𝑟𝑒𝑓𝑓,𝐽𝑆𝐶200  = 28.1 µm, 𝑟𝑒𝑓𝑓,𝐽𝑆𝐶0  = 29.5 µm), where it can be appreciated that the 
effective radius parameter for the remaining analogues are about an order of magnitude larger 
than the usual values reported for Martian atmospheric dust aerosol (𝑟𝑒𝑓𝑓 order of ~ 1 µm) (e.g., 
Korablev et al., 2005; Smith, 2008; McConnochie et al., 2017; Chen-Chen et al., 2019a). 
Previous studies comparing Martian airborne dust with experimental analogue measurements 
resulted in best fits to samples of palagonite (Clancy et al., 1995; Merikallio et al., 2013) and 
basalt (Dabrowksa et al., 2015). No relevant seasonal or interannual variability in the best fitting 
basalt or palagonite dust samples were found. 
6.4.4. Sensitivity study of DHG results 
The sensitivity of the retrieved DHG parameters to variations of the input values for the single 
scattering albedo, dust column optical depth and possible presence of water-ice clouds during 
the aphelion season was evaluated by performing several simulations for these scenarios 
(Figure 6.6). 
Sensitivity to aerosol optical depth. The atmospheric column optical depth is a required input 
parameter for radiative transfer simulations. Regular measurements from MSL Mastcam 
afternoon direct Sun-imaging (Lemmon, 2014) and MSL Navcam near Sun-pointing 
observations (Chen-Chen, et al., 2019a) were used. Dust column optical depth values were 
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interpolated at the observation’s sol (or LS if there were no data available within a range of 20 
sols), which could introduce some uncertainty in our retrieval procedure. The sensitivity of the 
results to uncertainties in column optical depth measurements was evaluated by simulating two 
scenarios containing 15% more and less dust atmospheric loading with respect to the nominal 
case. When the column optical depth was decreased, the analytical DHG phase function 
parameters 𝑔1 , 𝑔2  and 𝛼  showed a difference of about 4%, 5% and 2.5% respectively with 
respect to the base scenario; whereas in the case of an increment of the dust extinction the 
resulting differences were of the order of 2%, 9% and 3%. 
Sensitivity to single scattering albedo. The simulated sky brightness also depended on the input 
value of dust single scattering albedo (ω0). As it has been abovementioned, for the case of 
analytical DHG phase functions the single scattering albedo was fixed to 0.975, which is a 
representative value for Martian dust (Wolff et al., 2009) at the effective wavelength of the 
cameras. The sensitivity of our retrieval procedure to variations in this parameter was evaluated 
by comparing the obtained results when the input ω0 was set to of 0.940 (e.g., Tomasko et al., 
1999). The resulting output 𝑔1, 𝑔2 and 𝛼 parameters varied in the order of 4%, 25% and 2%, 
respectively, with respect to the nominal scenario. 
Sensitivity to presence of water-ice clouds. Part of the observations used in this study were 
obtained during the aphelion season (centred on LS ~ 70º) and the possible presence of water-
ice clouds from the aphelion cloud belt, developing around LS = 40º - 60º and dissipating near 
LS ~ 150º (e.g., Clancy et al., 1996, 2003; Madeleine et al., 2012) might introduce deviations in 
the dust phase function parameters retrieval. Although the majority of the observations were 
taken before 7h or after 16h (LTST), when detections of water-ice clouds are very low and the 
reported optical depth is almost negligible (Kloos et al., 2018), the sensitivity of the results to 
this phenomenon was evaluated. For an observation retrieved on sol 1132 (LS = 54.2º) 
corresponding to MY 33 (high cloud detection at Gale Crater, e.g. McConnochie et al., 2017; 
Kloos et al., 2018), a simulation was performed in which a water-ice cloud was added to the 
base model: the optical depth of the cloud was set to 𝜏𝑐𝑙𝑜𝑢𝑑  = 0.15 as a representative value of 
afternoon retrievals (Kloos et al., 2018), water-ice scattering properties 𝑄𝑒𝑥𝑡  and ω0 were 
derived from Warren (1984) and the single scattering phase function was modelled with an 
analytical DHG using water-ice representative parameters from Zhang and Li (2016). 
Differences between the simulated sky radiance as a function of the scattering angle for the 
base scenario and the water-ice cloud scenario were about 12% (lower than assumed 
uncertainty of 15%). When comparing with the observation for retrieving the parameters 
generating the best fitting curve, variations of the output 𝑔1, 𝑔2 and 𝛼 parameters of the DHG 
analytical phase function were of about 4%, 4.5% and 15.0%, respectively. The resulting 
simulated sky radiance curve including a water-ice cloud model and dust phase function are 
provided in Figure 6.6. 
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Figure 6.5. Seasonal and interannual behaviour of T-matrix particles aspect ratio. On the left, results of T-matrix 
cylindrical (top) and spheroidal (bottom) particles diameter-to-length (D/L) aspect ratio parameter generating the best-
fitting sky radiance curve model to MSL Navcam (blue) and Hazcam (red) observations, as a function of the solar 
longitude and Martian Year (MY). Colour shades indicate MY 31 (clearest) to MY 34 (darkest). No data for Navcam MY 
32. On the right, the bar chart shows the percentage of counts (frequency) for each D/L value. Source: Adapted from 
Chen-Chen et al. (2019b) 
 
 
Figure 6.6. Sensitivity analysis of sky radiance model with DHG phase functions. Outputs of DHG analytical phase 
function parameters (g1, g2, α) generating the best fitting sky brightness curve to MSL Hazcam observation 
corresponding to Sol 1132 (LS = 54.24º, MY 33), under different simulation cases: nominal scenario (blue), presence of 
ice-water cloud (red), single scattering albedo set to ω0 = 0.94 (green), nominal dust column optical depth input value 
decreased 25% (cyan) and increased 25% (yellow). On the right, modelled sky radiance angular distribution compared 
to observation: left, DHG single scattering phase function curves generating those simulations. Phase functions are 
normalised at 1 at 30 degrees of scattering angle. Source: Adapted from Chen-Chen et al. (2019b).  
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6.5. Summary 
In this study sky radiance measurements in the almucantar plane obtained by the MSL 
Engineering Cameras have been used to constrain the Martian dust single scattering phase 
function. Hazcam simultaneous forward-rear pointing opportunistic afternoon observations and 
Navcam sky-survey image sequences were selected and photometric calibration and geometric 
reduction were performed on the raw images. The angular distribution of sky radiance was 
retrieved for different seasons and Martian Years. These observations contained data for the 
intermediate and large scattering angle region, from 30º up to about 160º, where the light 
scattering due to the aerosol is dominated by the shape of the particle. 
The observed sky brightness curves were iteratively compared with radiative transfer sky 
radiance simulations. The modelled sky radiance as a function of the scattering angle were 
calculated following a parameterisation scheme for defining the dust single scattering phase 
function using 3 different aerosol modelling approaches: a three term Double Henyey-
Greenstein analytical function, T-matrix code calculations for cylindrical and spheroidal particles, 
and experimental laboratory retrievals of Martian dust analogues. 
Results retrieved from the comparison procedure show average Double Henyey-Greenstein 
parameter values of g1 = 0.889±0.098, g2 = 0.094±0.250, α = 0.743±0.106, which are related to 
a phase function with an asymmetry parameter of g = 0.673±0.081 (similar to, e.g., Wolff et al., 
2009). Existing seasonal differences for the low dust opacity aphelion season (LS 30º to 150º) 
were observed for g1 and g2, although it was not possible to derive a clear seasonal or 
interannual behaviour, due mainly to the dispersion in the results and the different seasonal 
distribution of the data. Best fitting diameter-to-length aspect ratios for T-matrix cylindrical 
particles were of 0.70±0.20 and 1.90±0.20, presenting a good agreement with previous studies 
(Wolff et al., 2001). For T-matrix spheroidal particles, the best fitting aspect ratio corresponded 
to oblate spheroids with standard shape distribution mean value of D/L = 2.00 (oblate 
spheroids); in agreement with conclusions by Murphy et al. (1993) regarding the use of non-
spherical disk shaped particles for extending their suspension times. Comparisons with 
experimental single scattering phase functions of dust analogues returned only two different 
best fitting samples, basalt (78%) and palagonite (22%), in line with Dabrowska et al. (2015). 
7. SUMMARY AND FUTURE WORK 
117 
7. SUMMARY AND FUTURE WORK 
7.1. Summary and conclusions 
The motivation behind this research work is to provide an additional source of observational 
data in order to contribute to previous dust aerosol studies by expanding the time and seasonal 
coverage. In this dissertation it has been shown that, although not initially designed as a 
scientific instrument, MSL rover engineering cameras can be used to evaluate the atmospheric 
column dust optical depth and to constrain the physical properties of dust aerosol particles, 
taking advantage of their versatility and frequent use (“opportunistic observations”). 
The overall context is first defined by introducing the main properties of Mars’ atmosphere and 
pointing out the significant role played by airborne dust aerosols in the thermal structure and 
atmospheric dynamics. In order to illustrate the level of relevancy, we have introduced the 
research efforts placed on multiple robotic exploration missions for characterising dust 
properties and the Mars Science Laboratory (MSL) mission has been introduced. 
The objectives defined for this research study consisted in the review and calibration of MSL 
engineering camera image data, the development of a radiative transfer model of Mars’ 
atmosphere for simulating the observed sky radiances, the implementation of a retrieval 
procedure for deriving the atmospheric dust loading and characterising aerosol particle 
properties, and the preparation of the relevant tools and procedures for future studies. 
On the modelling side, first the theoretical backgrounds of radiative transfer and light scattering 
by planetary atmospheres have been discussed. Following this, the results retrieved by 
previous authors on the characterisation of dust aerosol properties following different modelling 
approaches have been reviewed. It can be pointed out that T-matrix code is the most extended 
method for deriving dust aerosol radiative properties within recent studies. Finally, the 
atmosphere model used throughout this research has been presented, which corresponded to a 
multiple scattering radiative transfer model for a plane-parallel Martian atmosphere model using 
the discrete ordinates method. 
Regarding the observational data used, the technical specifications of MSL rover engineering 
cameras (Navcam and Hazcam) have been provided, and the main types of image data 
retrieved by these cameras have been shown, together with the different existing data files. 
Next, the calibration procedure implemented for the radiometric calibration and geometric 
reduction of engineering cameras image-files have been detailed. The calibrated data were 
validated against multispectral MSL Mastcam instrument, resulting in an absolute radiance 
uncertainty around 12% in the case of Navcams, and about 17% for Hazcams. 
7. SUMMARY AND FUTURE WORK 
118 
For the retrieval of dust particle size and the column optical depth, we have used 65 Sun-
pointing images covering a period of almost three Martian years, from MSL mission sol 21 to sol 
1646 (MY 31 to 33). Modelled sky brightness curves were generated as a function of two 
parameters: the aerosol particle size distribution effective radius and the dust column optical 
depth at the surface. These were compared with calibrated observations that showed the sky 
radiance as a function of the scattering angle for the near-Sun region (scattering angle from 4º 
to 30º). A retrieval scheme was implemented for deriving the parameters that generated the 
best fitting curve under a least-square error criterion. The obtained results present a good 
agreement with previous work, showing the usual seasonal variation curve of the column dust 
optical depth; and retrieving a positive correlation between dust aerosol particle size and 
derived optical depth. 
In the second part, the angular distribution of sky brightness observed by Navcam and Hazcam 
was used to characterise the atmospheric dust single scattering phase function and to constrain 
the shape of the particles. An iterative radiative transfer based retrieval method was 
implemented in order to determine the aerosol modelling parameters which best reproduce the 
observed sky radiance as a function of the scattering angle. The aerosol models considered in 
this study for calculating dust radiative properties were an analytical three term Double Henyey-
Greenstein (DHG) phase function, T-matrix calculations for cylindrical particles with different 
diameter-to-length (D/L) aspect ratios and experimental phase functions from laboratory 
measurements of several Martian dust analogue samples. Results of this study returned mean 
DHG phase function parameter values g1 = 0.889±0.098, g2 = 0.094±0.250, α = 0.743±0.106; 
generating a phase function with an asymmetry parameter of g = 0.673±0.081. Although 
differences were observed during the low opacity aphelion season (lower forward scattering 
values, presence of a peak in the backward region) compared to the rest of the year, no clear 
evidences of seasonal behaviour or interannual variability were derived. The obtained average 
D/L aspect ratios for T-matrix calculated cylindrical particles were 0.70±0.20 and 1.90±0.20 and 
the best fitting Martian dust analogue corresponded to the basalt sample. 
7.2. Future work 
In this section the future research prospects derived from this study are presented. The future 
research activities and developments are associated to the use of complementary observational 
data or new retrievals by forthcoming missions and instruments, as well as developments of the 
aerosol modelling code and overall retrieval methodology. 
7.2.1. Continue with MSL dust monitoring 
As of writing, the MSL sol is 2409, LS = 26.3º (northern hemisphere spring) of MY 35, and the 
rover has driven about 21 km. The latest observational data evaluated for this research work 
corresponds to sol 2001, LS = 148.2º, (northern summer) MY 34. Between these dates, Mars’ 
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has gone through several seasonal changes and climate events, being of particular high 
relevance the global dust storm in May-July 2018 (e.g., Guzewich et al., 2019, Sánchez-Lavega 
et al., in press). During this planetary-scale dust event, column dust optical depth values 
reaching 𝜏  ~ 10 were reported. It is worth mentioning that when dust storm reached MER 
Opportunity’s location, the rover ceased communications and went into hibernation-mode as the 
solar panels were not generating enough power. After several months of unsuccessful attempts 
of contact, the end of mission was declared after 5,111 sols of operation6. 
As part of future research work, MSL Navcam and Hazcam observations from sol 2001 onwards 
shall be evaluated in order to extend the seasonal coverage, and to retrieve dust aerosol 
particle properties during the 2018 global dust storm in order to contribute to the better 
understanding of these phenomena and its effects on climate. In particular, the dust properties 
(size, single scattering phase function, and its best associated particle shape) can be compared 
for Martian Years with and without such event. According to outcomes from previous studies 
and as it has been also inferred from this dissertation, dust particle size show a positive 
correlation with atmospheric optical depth (e.g., Smith and Wolff, 2014; Vicente-Retortillo et al., 
2017; McConnochie et al., 2017; Chen-Chen et al., 2019a). However, the evaluated data does 
not cover scenarios with such high dust opacity values as reported by Guzewich et al. (2019). 
Therefore, the evaluation of data sets covering 2018 dust events shall provide insight into the 
boundaries of this correlation. 
7.2.2. Mars 2020 mission 
The Mars 2020 rover mission is part of NASA’s Mars Exploration Program, a long-term effort of 
robotic exploration of the Red Planet. The mission is designed to advance high-priority science 
goals for Mars exploration and it will contribute to determine whether life ever existed on Mars, 
to characterise the Mars’ climate and geology, and to gather knowledge and demonstrate 
technologies to prepare for future human expeditions to the planet. The mission is scheduled to 
be launch in July/August 2020 and the selected landing site is Jezero Crater (18.85ºN, 
282.48ºW). In order to keep mission costs and risks as low as possible, Mars 2020 design is 
based on MSL mission architecture, including its rover and the landing system. 
As part of Mars 2020 scientific payload, the Mars Environmental Dynamics Analyzer (MEDA) is 
an integrated suite of sensors designed to address the Mars 2020 mission objectives of 
characterisation of dust size and morphology and surface weather measurements. It is 
composed of a dust and optical radiation sensor (RDS) that includes a dedicated camera, 
pressure sensor, relative humidity sensor, wind sensor, air temperature sensors and thermal 
infrared sensors for retrieving net flux and ground temperature. In particular, MEDA’s 
measurements objectives regarding dust aerosol particles are to study the physical and optical 
properties of the local atmospheric aerosols: particle abundance, size distribution, shape, phase 
                                                     
6 https://mars.nasa.gov/news/8413/nasas-opportunity-rover-mission-on-mars-comes-to-end/ 
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function, and how these optical properties relate to the meteorological cycles (diurnal, seasonal, 
interannual); and the conditions leading to dust lifting and how the aerosol diurnal cycle 
responds to the local atmospheric wind regions (Rodriguez-Manfredi et al., 2017). The 
members of the Grupo de Ciencias Planetarias research group of the Universisty of the Basque 
Country (UPV/EHU), A. Sánchez-Lavega (Co-I), S. Pérez-Hoyos, R. Hueso, and T. del Río-
Gaztelurrutia (collaborators), are part of the MEDA science team and will have direct access to 
the data retrieved by the different sensors.   
The Radiation and Dust Sensor (RDS) is part of MEDA instruments and its main objective is to 
characterise Mars dust opacity, size and morphology (Figure 7.1). It will track the solar direct 
and diffuse radiation in an observation geometry that characterises the prevailing environmental 
dust properties. RDS consists on a suite of photodetectors with different spectral bands and a 
dedicated camera pointed to the sky. The camera, named as SkyCam, consists in the re-use 
and accommodation of one of JPL’s engineering cameras already used in MER/MSL: the 
hazard avoidance camera (Hazcam). In this case, SkyCam’s optical system is tailored for 
MEDA and includes a shadowing mask for low solar zenith angle scenarios and a neutral filter 
near to the centre of the lens (Apestigue et al., 2015). The SkyCam will be used to measure the 
dust opacity cycle and its size distribution by retrieving the intensity decay of the solar aureole, 
while the azimuthal-coverage provided by the geometrical configuration of the photodetectors 
will sample the sky brightness at intermediate and large scattering angles (Dubovik and King, 
2000; Smith and Wolff, 2014; Smith et al., 2009; Apestigue et al., 2015). The application of the 
model and methodology presented here would be straightforward, in spite of the differences 
between the observations described in this thesis and the more wavelength and spatially 
extended data that MEDA will provide. 
 
Figure 7.1. MEDA suite Radiation and Dust Sensor (RDS). Top: RDS discrete photodetectors (left) and SkyCam (right) 
field-of-view. Bottom: RDS assembly. Source: Rodriguez-Manfredi et al. (2017), Arruego (2018).  
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In addition, Mars 2020 rover will be equipped with Enhanced Engineering Cameras (EECAM; 
Maki et al., 2016), an upgrade of the previous rover engineering cameras flown on MER and 
MSL missions (Maki et al., 2003; 2012). Mars 2020 EECAM utilise a 20 megapixel colour 
CMOS sensor, in contrast to the 1 megapixel greyscale CCD sensor utilised by the MER/MSL 
Cameras. The mounting locations of the new engineering cameras are almost similar to current 
ones on MSL. They have also inherited the same functional requirements from previous 
missions. Mars 2020 EECAMs significantly improve on the MER/MSL designs by adding the 20 
megapixel CMOS sensor with an imaging area of 5120 x 3840 pixels. The field-of-view for 
EECAMs will be (horizontal x vertical): Navcams, 103º x 77º; Hazcams 156º x 117º. As a result, 
new Navcams will have more than twice the angular resolution of the MER/MSL Navcam, and 
Hazcams will have more than 3 times the angular resolution. Both sets will produce colour 
images, with better antiblooming capability than the MER/MSL designs. 
7.2.3. Model developments 
In addition to the forthcoming observational data sets, further developments in the methodology 
shall be performed concerning the aerosol modelling and the retrieval scheme. Aerosol 
databases with previously computed radiative properties, such as the AERONET network 
aerosol database (Dubovik et al., 2006), shall be used as an input source for models. This shall 
be followed by the implementation of supplementary numerical codes for calculating dust 
aerosol radiative properties for more complex shapes, such as tri-axial ellipsoids (Pitman et al., 
2000; Yurkin and Hoekstra, 2007; Meng et al., 2010; Merikallio et al., 2013; Lemmon, 2014). 
Regarding the retrieval method, it shall be considered the use of optimised inversion algorithms 
as an alternative to the current iterative brute-force approach, in order to increase the number of 
parameters evaluated in the radiative transfer problem while keeping reasonable computation 
times (Dubovik and King, 2000; Yang and Gordon; 1998). 
Finally, further comparisons shall be performed for a broader variety of laboratory retrievals of 
Martian dust analogue single scattering measurements, with adequate particle size distributions, 
closer to the values retrieved for the atmospheric dust (𝑟𝑒𝑓𝑓 ranging 1-10 μm). 
7.2.4. Mesoscale simulations 
Apart from the abovementioned new observational datasets and developments in the model, 
within the future work it is also planned to take advantage of the derived results and to run 
mesoscale simulations to model Gale Crater region climatic conditions, in order to assess the 
impact of using the retrieved dust aerosol properties in these simulations. As it has been 
highlighted throughout this dissertation, the distribution of dust in the atmosphere is a major 
driver in determining the thermal structure and dynamics of Mars. Dust is placed into the 
atmosphere by, among other phenomena, dust storms that are generally considered mesoscale 
systems. Thus mesoscale atmospheric dynamic is a key element of the Martian dust cycle. 
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Mesoscale models are comprised of two main modules: the dynamical core integrates the 
primitive equations for the atmospheric fluid, i.e., Navier-Stokes equations in spherical 
coordinates, and the physical parameterisation module provides key diabatic forcing in the 
primitive equations, e.g.: radiative transfer, heat and mass exchanges between surface and 
atmosphere, etc. (see Rafkin et al., 2017). 
For future studies, we have considered the Martian Regional Atmospheric System (MRAMS) 
mesoscale model (Rafkin et al., 2001), previously used for investigating and interpreting the 
meteorological environment at Gale Crater region (Pla-Garcia et al., 2016; Rafkin et al., 2016). 
The physical parameterisations of dust, CO2 and H2O cycles implemented in MRAMS are based 
upon the NASA Ames GCM radiative transfer model (Toon et al., 1989). In particular, regarding 
the radiative transfer module, current MRAMS scheme is based in a two-stream approach, 
where only the upward and downward irradiances are considered in the calculations. Monte 
Carlo methods are also used for solving the radiative transfer problem. In this probability-based 
approach, photon trajectories are defined individually with random processes. These are very 
time consuming due to the large quantity of photon trajectories that must be computed. Discrete 
ordinate methods would allow the user to choose between efficiency and accuracy by selecting 
the number of discrete ordinates or “streams”. 
The motivation behind this research is to evaluate the impact in MRAMS mesoscale simulations 
results when a DISORT-based multiple streams radiative transfer scheme is implemented 
(accuracy versus efficiency), together with the derived dust aerosol radiative properties (Figure 
7.2). 
 
Figure 7.2. PRAMS thermal profile output comparisons. Variations in the temperature (in K) profiles (z = 0 to 40 km) as 
a function of time (LTST) between PRAMS simulations using DISORT 16-stream code (Stamnes et al., 2000) and the 
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APPENDIX A  










Figure A.1. MSL Navcam masked-area dark current flat image. Masked-area dark current flats for Navcams NLA (top-






Figure A.2. MSL Navcam active-area dark current flat images. Active-area dark current flats for Navcams NLA (top-left), 





Figure A.3. MSL Navcam pre-flight flat field images. The pre-flight flat field images (Maki et al., 2012) were retrieved 
from the PDS imaging node database (https://pds-imaging.jpl.nasa.gov/data/msl/MSLNAV_0XXX/CALIB/) and 
correspond to: NLA (top-left), NRA (top-right), NLB (bottom-left) and NRB (bottom-right). Each image is linearly 
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Figure B.1. MSL Hazcam masked-area dark current flat images. Masked-area dark current flats for Hazcams FLB (top-






Figure B.2. MSL Hazcam active-area dark current flat images. Active-area dark current flats for Hazcams FLB (top-left), 





Figure B.3. MSL Hazcam pre-flight flat field images. The pre-flight flat field images (Maki et al., 2012) were retrieved 
from the PDS imaging node database (https://pds-imaging.jpl.nasa.gov/data/msl/MSLHAZ_0XXX/CALIB/) and 
correspond to: FLB (top-left), FRB (top-right), RLB (bottom-left) and RRB (bottom-right). Each image is linearly stretched 
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Table C.1. MSL Navcam observations used in Chapter 5. Column values correspond to: MSL mission sol number, solar 
longitude (LS, in degrees), Martian Year, local true solar time (LTST), solar azimuth and elevation angles in degrees with 


















21 162.0 31 NLA_399363597EDR_F0030100SAPP07612M1.IMG 14:53:49 285.54 44.95 
24 163.6 31 NLA_399626441EDR_F0030372SAPP07712M1.IMG 13:57:47 291.26 58.42 
29 166.4 31 NLA_400069880EDR_F0030888SAPP07712M1.IMG 13:51:24 290.26 60.30 
39 172.0 31 NLA_400958457EDR_F0040468SAPP07712M1.IMG 14:06:02 283.81 57.50 
41 173.1 31 NLA_401136867EDR_F0041238SAPP07712M1.IMG 14:20:13 281.55 54.16 
43 174.2 31 NLA_401316500EDR_F0042002SAPP07612M1.IMG 14:54:12 278.36 45.91 
48 177.1 31 NLA_401761194EDR_F0042644SAPP07612M1.IMG 15:07:57 275.98 42.69 
52 179.4 31 NLA_402115185EDR_F0043200SAPP07612M1.IMG 14:50:16 275.41 47.20 
57 182.3 31 NLA_402562341EDR_F0043520SAPP07612M1.IMG 15:43:47 271.94 34.01 
102 209.5 31 NLA_406558419EDR_F0050388SAPP07612M1.IMG 16:00:30 258.66 30.16 
122 222.2 31 NLA_408330384EDR_F0050938SAPP07612M1.IMG 14:57:39 251.12 44.86 
147 238.2 31 NLA_410544820EDR_F0051902SAPP07612M1.IMG 13:26:20 229.73 63.29 
166 250.6 31 NLA_412233457EDR_F0052330SAPP07612M1.IMG 13:45:56 230.73 58.16 
324 346.5 31 NRB_426264304EDR_F0060864SAPP07612M1.IMG 14:03:12 266.65 59.31 
333 351.3 31 NRB_427068209EDR_F0070438SAPP07612M1.IMG 15:25:13 269.00 38.83 
340 355.0 31 NRB_427685406EDR_F0081148SAPP07612M1.IMG 14:18:26 272.96 55.36 
344 357.0 31 NRB_428038027EDR_F0090770SAPP07612M1.IMG 13:39:20 276.98 64.97 
349 359.7 31 NRB_428490085EDR_F0100746SAPP07612M1.IMG 15:53:35 272.68 31.50 
358 4.2 32 NRB_429282728EDR_F0110882SAPP07612M1.IMG 14:13:42 280.16 55.99 
369 9.7 32 NRB_430259833EDR_F0120982SAPP07612M1.IMG 14:26:51 282.89 52.29 
372 11.2 32 NRB_430521464EDR_F0131212SAPP07612M1.IMG 13:11:46 297.40 69.77 
383 16.6 32 NRB_431506535EDR_F0141428SAPP07612M1.IMG 15:34:26 281.96 35.24 
390 20.0 32 NRB_432125040EDR_F0151762SAPP07612M1.IMG 14:49:40 287.04 45.74 
406 27.7 32 NRB_433539267EDR_F0162120SAPP07612M1.IMG 13:15:33 310.60 65.29 
412 30.5 32 NRB_434076977EDR_F0171310SAPP07612M1.IMG 14:39:55 293.75 46.74 
419 33.8 32 NRB_434700865EDR_F0181406SAPP07612M1.IMG 15:22:30 290.85 36.52 
426 37.1 32 NRB_435323449EDR_F0191256SAPP07612M1.IMG 15:43:53 290.91 31.22 
433 40.3 32 NRB_435936028EDR_F0201326SAPP07612M1.IMG 13:22:53 315.58 60.92 
440 43.5 32 NRB_436559934EDR_F0211648SAPP07612M1.IMG 14:05:36 305.72 52.15 
454 49.9 32 NRB_437800741EDR_F0221028SAPP07612M1.IMG 13:37:08 315.40 56.37 
470 57.2 32 NRB_439224987EDR_F0231524SAPP07612M1.IMG 14:44:26 303.95 42.25 
494 67.9 32 NRB_441349865EDR_F0240562SAPP07612M1.IMG 13:18:00 326.49 56.24 
527 82.8 32 NRB_444282928EDR_F0251906SAPP07612M1.IMG 14:21:28 312.50 44.63 
545 90.9 32 NRB_445883715EDR_F0261458SAPP07612M1.IMG 15:10:31 305.31 34.98 
552 94.1 32 NRB_446499987EDR_F0271500SAPP07612M1.IMG 13:48:00 319.92 50.32 
563 99.1 32 NRB_447479279EDR_F0281504SAPP07612M1.IMG 14:34:31 310.06 42.26 
569 101.9 32 NRB_448010997EDR_F0291606SAPP07612M1.IMG 14:20:15 312.31 45.07 
589 111.2 32 NRB_449782783EDR_F0301366SAPP07612M1.IMG 13:22:50 325.09 55.44 
631 131.4 32 NRB_453512631EDR_F0311670SAPP07612M1.IMG 13:50:16 311.36 54.24 
637 134.4 32 NRB_454044666EDR_F0321252SAPP07612M1.IMG 13:41:18 312.45 56.48 
647 139.5 32 NRB_454932444EDR_F0331334SAPP07612M1.IMG 13:43:25 309.53 57.09 
657 144.6 32 NRB_455821590EDR_F0341616SAPP07612M1.IMG 14:07:46 301.35 53.10 
662 147.2 32 NRB_456267998EDR_F0351626SAPP07612M1.IMG 14:49:43 293.68 44.20 
668 150.3 32 NRB_456799315EDR_F0361708SAPP07612M1.IMG 14:29:06 294.75 49.31 
672 152.4 32 NRB_457152376EDR_F0371824SAPP07612M1.IMG 13:56:42 299.06 56.85 
685 159.4 32 NRB_458310507EDR_F0381758SAPP07612M1.IMG 15:04:35 285.99 42.12 
705 170.5 32 NRB_460084993EDR_F0391930SAPP07612M1.IMG 14:50:54 280.83 46.44 
733 186.7 32 NRB_462572793EDR_F0402484SAPP07612M1.IMG 15:27:01 270.07 38.33 
747 195.0 32 NRB_463813017EDR_F0412270SAPP07612M1.IMG 14:44:14 265.70 49.10 
864 269.8 32 NRB_474199389EDR_F0443000SAPP07612M1.IMG 13:48:01 228.85 56.93 
952 323.9 32 NRB_482013079EDR_F0452302SAPP07612M1.IMG 13:35:01 245.47 64.61 
964 330.8 32 NRB_483083182EDR_F0462052SAPP07612M1.IMG 14:52:45 257.44 46.69 
984 341.9 32 NRB_484852932EDR_F0471818SAPP07612M1.IMG 13:21:25 260.64 69.55 


















1104 41.4 33 NRB_495505377EDR_F0493088SAPP07612M1.IMG 13:51:37 307.87 55.32 
1167 69.9 33 NRB_501099548EDR_F0503368SAPP07612M1.IMG 14:32:05 308.98 43.42 
1262 113.3 33 NRB_509536696EDR_F0523240SAPP07612M1.IMG 15:45:07 299.38 28.53 
1301 132.2 33 NRB_512994632EDR_F0533062SAPP07612M1.IMG 14:41:32 301.25 44.02 
1376 171.9 33 NRB_519653718EDR_F0543156SAPP07612M1.IMG 15:08:58 278.92 42.11 
1433 205.6 33 NRB_524708540EDR_F0562614SAPP07612M1.IMG 13:42:01 255.24 64.04 
1468 227.8 33 NRB_527820348EDR_F0573480SAPP07612M1.IMG 14:47:57 247.96 46.77 
1503 250.5 33 NRB_530924083EDR_F0583228SAPP07612M1.IMG 13:33:52 227.71 60.45 
1571 294.1 33 NRB_536961350EDR_F0593184SAPP07612M1.IMG 12:59:09 216.75 66.85 
1604 314.2 33 NRB_539892888EDR_F0603516SAPP07612M1.IMG 13:19:28 234.43 66.55 





Table C.2. Results of dust column optical depth and aerosol effective radius. Column values correspond to: MSL 
mission sol number, solar longitude (LS, in degrees), Martian Year, local true solar time (LTST), particle size distribution 
effective radius (𝑟𝑒𝑓𝑓, in μm), dust aerosol column optical depth at surface (𝜏) referenced to 880nm, and reduced 𝜒2 
parameter (𝜒𝑣2). The uncertainties of the effective radius and optical depth were calculated for a 68.3% confidence limit 

















21 162.0 31 14:53:49 1.48 − 0.29+ 0.30 0.95 − 0.18+ 0.06 0.35 
24 163.6 31 13:57:47 1.48 − 0.20+ 0.19 0.76 ± 0.04 0.57 
29 166.4 31 13:51:24 1.28 ± 0.18 0.72 ± 0.04 0.10 
39 172.0 31 14:06:02 1.24 − 0.18+ 0.19 0.70 ± 0.04 0.33 
41 173.1 31 14:20:13 1.38 ± 0.20 0.77 ± 0.05 0.14 
43 174.2 31 14:54:12 1.26 ± 0.19 0.72 ± 0.05 0.40 
48 177.1 31 15:07:57 1.10 ± 0.23 0.85 − 0.10+ 0.09 0.52 
52 179.4 31 14:50:16 1.38 − 0.20+ 0.19 0.70 ± 0.04 0.43 
57 182.3 31 15:43:47 1.34 ± 0.21 0.66 ± 0.05 0.13 
102 209.5 31 16:00:30 2.02 − 0.13+ 0.14 1.38 − 0.10+ 0.11 0.55 
122 222.2 31 14:57:39 1.38 ± 0.21 0.99 ± 0.08 0.60 
147 238.2 31 13:26:20 1.48 ± 0.21 0.91 ± 0.06 0.34 
166 250.6 31 13:45:56 1.30 ± 0.20 0.93 ± 0.07 0.50 
324 346.5 31 14:03:12 1.26 − 0.18+ 0.19 0.68 ± 0.04 0.41 
333 351.3 31 15:25:13 1.14 ± 0.19 0.64 − 0.04+ 0.05 0.54 
340 355.0 31 14:18:26 1.26 ± 0.19 0.66 ± 0.04 0.19 
344 357.0 31 13:39:20 1.18 ± 0.19 0.72 ± 0.04 0.49 
349 359.7 31 15:53:35 1.38 ± 0.18 0.72 ± 0.05 1.01 
358 4.2 32 14:13:42 1.36 − 0.20+ 0.19 0.77 ± 0.05 0.52 
369 9.7 32 14:26:51 1.42 ± 0.20 0.79 ± 0.05 0.26 
372 11.2 32 13:11:46 1.52 ± 0.21 0.70 ± 0.04 0.28 
383 16.6 32 15:34:26 1.34 − 0.23+ 0.21 0.70 − 0.07+ 0.05 0.60 
390 20.0 32 14:49:40 1.34 − 0.20+ 0.19 0.70 ± 0.05 0.31 
406 27.7 32 13:15:33 1.30 ± 0.19 0.70 ± 0.04 0.36 
412 30.5 32 14:39:55 1.24 − 0.18+ 0.19 0.64 ± 0.04 0.37 
419 33.8 32 15:22:30 1.38 − 0.23+ 0.22 0.74 − 0.07+ 0.06 0.35 
426 37.1 32 15:43:53 1.22 − 0.41+ 0.40 0.77 − 0.21+ 0.22 0.16 
433 40.3 32 13:22:53 1.30 ± 0.19 0.72 ± 0.04 0.39 
440 43.5 32 14:05:36 1.18 − 0.18+ 0.19 0.72 ± 0.05 0.25 
454 49.9 32 13:37:08 1.04 ± 0.14 0.58 ± 0.03 0.25 
470 57.2 32 14:44:26 0.98 ± 0.14 0.50 ± 0.03 0.30 
494 67.9 32 13:18:00 1.14 ± 0.16 0.50 − 0.03+ 0.02 0.26 
527 82.8 32 14:21:28 0.98 ± 0.14 0.50 ± 0.03 0.62 
545 90.9 32 15:10:31 1.04 ± 0.17 0.48 ± 0.03 0.58 
552 94.1 32 13:48:00 0.88 ± 0.14 0.49 ± 0.03 0.77 
563 99.1 32 14:34:31 0.90 ± 0.12 0.45 ± 0.02 0.45 
569 101.9 32 14:20:15 0.92 ± 0.14 0.43 ± 0.02 0.59 
589 111.2 32 13:22:50 1.00 − 0.14+ 0.13 0.45 ± 0.02 0.36 
631 131.4 32 13:50:16 0.86 ± 0.12 0.41 ± 0.02 0.44 
637 134.4 32 13:41:18 0.88 ± 0.14 0.41 ± 0.02 0.67 
647 139.5 32 13:43:25 1.08 ± 0.16 0.43 ± 0.02 0.52 
657 144.6 32 14:07:46 1.10 ± 0.16 0.62 ± 0.03 0.32 
662 147.2 32 14:49:43 0.92 ± 0.15 0.64 ± 0.04 0.40 
668 150.3 32 14:29:06 0.92 ± 0.16 0.64 ± 0.04 0.78 
672 152.4 32 13:56:42 1.18 ± 0.19 0.66 ± 0.04 0.59 
685 159.4 32 15:04:35 1.10 ± 0.18 0.66 ± 0.05 0.30 
705 170.5 32 14:50:54 1.42 − 0.29+ 0.30 0.99 − 0.15+ 0.11 0.40 
733 186.7 32 15:27:01 1.32 ± 0.22 0.75 ± 0.06 0.37 
747 195.0 32 14:44:14 1.20 ± 0.19 0.77 ± 0.05 0.57 
864 269.8 32 13:48:01 1.26 ± 0.21 0.91 ± 0.07 0.39 
952 323.9 32 13:35:01 1.32 ± 0.19 0.77 − 0.05+ 0.04 0.34 
964 330.8 32 14:52:45 1.34 ± 0.34 0.95 − 0.23+ 0.08 0.40 
984 341.9 32 13:21:25 1.34 − 0.21+ 0.20 0.93 ± 0.06 0.32 



















1104 41.4 33 13:51:37 1.18 ± 0.17 0.68 ± 0.04 0.22 
1167 69.9 33 14:32:05 0.98 ± 0.14 0.52 ± 0.03 0.55 
1262 113.3 33 15:45:07 1.06 ± 0.19 0.50 ± 0.04 0.65 
1301 132.2 33 14:41:32 0.76 − 0.11+ 0.12 0.47 − 0.03+ 0.02 0.68 
1376 171.9 33 15:08:58 1.14 − 0.19+ 0.20 0.77 ± 0.06 0.41 
1433 205.6 33 13:42:01 1.14 ± 0.19 0.89 ± 0.06 0.42 
1468 227.8 33 14:47:57 1.52 − 0.34+ 0.35 1.28 ± 0.20 0.49 
1503 250.5 33 13:33:52 1.08 ± 0.19 0.93 ± 0.07 0.44 
1571 294.1 33 12:59:09 0.96 ± 0.13 0.80 − 0.04+ 0.05 0.23 
1604 314.2 33 13:19:28 0.94 ± 0.15 0.91 ± 0.06 0.23 


















APPENDIX D  
APPENDIX TO CHAPTER 6: 










Table D.1. MSL Navcam and Hazcam observations used in Chapter 6. Column values correspond to: MSL mission sol 
number, solar longitude (LS, in degrees), Martian Year, local true solar time (LTST), solar azimuth and elevation angles 
in degrees with respect to the north and the local horizon, engineering camera (Navcam: NLB; Hazcam: FLB, FRB, RLB, 
RRB), and spacecraft clock time (Hazcams) or EDR file sequence (Navcams). 
Sol Ls[º] MY LTST Sun Azim. [º] Sun Elev. [º] Camera SCLK/Sequence 
269 315.37 31 7:12 106.81 18.60 FLB, FRB,RLB, RRB 421356422, 421356451 
270 316.19 31 16:40 253.43 20.31 FLB, FRB 421480269 
283 323.77 31 16:56 256.16 16.47 FLB, FRB 422635427 
291 328.36 31 17:08 257.82 13.45 FLB, FRB 423346401 
322 345.50 31 17:25 264.52 8.92 FRB, FLB, RLB, RRB 426099261, 426099296 
383 16.67 32 16:48 278.81 17.12 FRB, FLB, RLB, RRB 431511077, 431511104 
439 43.10 32 16:44 289.18 16.55 NLB ncam00548 
474 59.00 32 16:52 293.41 13.90 NLB ncam00548 
582 107.94 32 16:41 296.45 15.83 NLB ncam00548 
610 121.23 32 17:34 291.85 4.25 NLB ncam00550 
751 197.46 32 16:28 264.00 23.24 FRB, FLB 464174522 
765 206.07 32 16:49 260.16 18.24 FLB, FRB 465418782 
782 216.73 32 16:59 255.97 15.72 FLB, FRB, RLB, RRB 466928832, 466928866 
785 218.61 32 16:10 255.03 27.69 NLB ncam00548 
788 220.55 32 17:10 254.56 13.10 NLB ncam00548 
792 223.09 32 16:31 253.61 22.58 FLB, FRB, RLB, RRB 467815011, 467815060 
806 232.09 32 16:27 250.61 23.32 NLB ncam00548 
813 236.64 32 17:09 249.67 13.49 FLB, FRB 469682237 
814 237.29 32 16:55 249.46 16.70 FLB, FRB 469770196 
815 237.93 32 16:46 249.23 18.71 FLB, FRB 469858472 
819 240.53 32 16:45 248.58 18.91 FLB, FRB 470213649 
824 243.77 32 16:02 246.89 28.79 FLB, FRB 470655026 
828 246.40 32 16:46 247.31 18.68 FLB, FRB 471012999 
830 247.49 32 16:28 246.77 22.74 FLB, FRB 471189532 
924 307.50 32 16:21 250.39 24.74 NLB ncam00548 
1105 41.93 33 17:11 287.74 10.24 FLB, FRB 495606448 
1114 46.05 33 16:41 290.29 17.15 FLB, FRB 496403367 
1124 50.60 33 16:44 291.54 16.13 FLB, FRB 497291116 
1130 53.33 33 17:18 290.95 8.08 FLB, FRB 497825752 
1132 54.24 33 17:10 291.47 9.92 FLB, FRB 498002768 
1137 56.49 33 16:45 293.10 15.56 FLB, FRB 498445016 
1150 62.35 33 17:14 293.29 8.78 FLB, FRB 499600628 
1157 65.49 33 17:13 293.95 8.88 FLB, FRB 500221886 
1226 96.60 33 16:59 296.75 11.70 FLB, FRB 506345674 
1258 111.42 33 16:39 296.01 16.44 NLB ncam00548 
1259 111.90 33 17:02 294.87 11.36 FLB, FRB 509275141 
1261 112.82 33 16:01 298.19 25.02 NLB ncam00548 
1263 113.77 33 16:18 296.84 21.38 NLB ncam00548 
1268 116.15 33 16:36 295.27 17.30 NLB ncam00548 
1275 119.51 33 17:12 292.95 9.33 FLB, FRB 510696014 
1287 125.30 33 16:30 293.42 19.22 FLB, FRB 511758612 
1330 146.96 33 17:16 284.46 9.51 FLB, FRB 515578339 
1332 147.99 33 16:40 285.36 18.14 FLB, FRB 515753675 
1339 151.68 33 17:09 282.87 11.25 FLB, FRB 516376834 
1358 161.91 33 17:35 278.09 5.34 FLB, FRB 518064970 
1359 162.44 33 17:03 278.73 13.41 FLB, FRB 518151723 
1378 173.02 33 16:46 274.64 18.00 FLB, FRB 519837215 
1403 187.49 33 16:15 268.73 26.17 RLB, RRB 522054677 
1405 188.69 33 16:38 267.79 20.48 FLB, FRB 522233564 
1409 191.09 33 17:24 265.98 9.14 FLB, FRB, RLB, RRB 522591532, 522591583 
1416 195.28 33 16:38 264.86 20.72 FLB, FRB 523210121 
1418 196.50 33 17:16 263.83 11.31 FLB, FRB 523390041 
1422 198.93 33 17:05 262.97 14.10 FLB, FRB, RLB, RRB 523744454, 523744503 
1444 212.57 33 17:18 257.39 11.12 FLB, FRB, RLB, RRB 525698534, 525698583 
1448 215.07 33 16:53 256.60 17.22 FLB, FRB 526052099 
1454 218.88 33 17:04 255.18 14.60 FLB, FRB, RLB, RRB 526585575, 526585624 
1474 231.71 33 17:21 250.98 10.57 FLB, FRB 528361546 
1480 235.57 33 16:37 249.75 20.95 FLB, FRB 528892687 
1484 238.19 33 17:30 249.22 8.64 FLB, FRB, RLB, RRB 529251205, 529251256 
1491 242.74 33 17:17 248.23 11.55 FLB, FRB, RLB, RRB 529872102, 529872144 
1493 244.04 33 17:11 247.95 13.03 FLB, FRB, RLB, RRB 530049331, 530049373 
1496 246.01 33 17:35 247.48 7.38 FLB, FRB, RLB, RRB 530317281, 530317325 
1504 251.23 33 17:28 246.64 8.97 FLB, FRB, RLB, RRB 531027377, 531027427 
1511 255.78 33 16:42 245.76 19.61 FLB, FRB, RLB, RRB 531646212, 531646260 
1512 256.42 33 16:28 245.42 22.63 FLB, FRB 531734165 
1518 260.35 33 17:02 245.53 15.07 FLB, FRB 532269165 
1537 272.68 33 17:17 245.24 11.64 FLB, FRB, RLB, RRB 533957634, 533957668 
1555 284.18 33 16:47 245.83 18.45 NLB ncam00548 
1581 300.45 33 17:14 248.95 12.33 FLB, FRB, RLB, RRB 537865092, 537865126 
1661 346.68 33 16:44 265.56 19.20 FLB, FRB 544965612 
1668 350.22 33 17:15 266.69 11.29 FLB, FRB, RLB, RRB 545588880, 545588924 
1675 353.89 33 16:57 268.62 15.86 FLB, FRB, RLB, RRB 546209039, 546209081 
1681 357.01 33 16:46 270.20 18.40 FLB, FRB, RLB, RRB 546740938, 546740972 
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Sol Ls[º] MY LTST Sun Azim. [º] Sun Elev. [º] Camera SCLK/Sequence 
1715 14.15 34 16:34 278.18 20.70 FLB, FRB 549757840 
1723 18.07 34 17:10 278.74 11.63 FLB, FRB, RLB, RRB 550470076, 550470111 
1749 30.49 34 16:48 284.46 16.36 FLB, FRB, RLB, RRB 552776265, 552776300 
1763 37.03 34 16:16 288.45 23.67 FLB, FRB 554016798 
1764 37.50 34 16:46 287.15 16.40 FLB, FRB, RLB, RRB 554107432, 554107474 
1765 37.97 34 17:16 286.21 9.12 FLB, FRB, RLB, RRB 554198056, 554198100 
1770 40.27 34 16:18 289.50 22.85 FLB, FRB 554638225 
1771 40.74 34 16:48 288.20 15.68 FLB, FRB, RLB, RRB 554728843, 554728878 
1772 41.21 34 17:19 287.25 8.44 FLB, FRB, RLB, RRB 554819466, 554819510 
1777 43.49 34 16:20 290.49 22.06 FLB, FRB 555259647 
1779 44.42 34 17:21 288.22 7.71 FLB, FRB, RLB, RRB 555440886, 555440930 
1791 49.88 34 16:31 291.98 19.26 FLB, FRB 556502839 
1802 54.86 34 16:06 294.89 24.52 FLB, FRB 557477610 
1805 56.23 34 16:38 293.36 17.14 FLB, FRB 557745889 
1816 61.19 34 17:16 292.96 8.31 FLB, FRB, RLB, RRB 558724543, 558724579 
1818 62.08 34 16:49 294.23 14.39 FLB, FRB 558901332 
1821 63.42 34 16:28 295.59 19.01 FLB, FRB, RLB, RRB 559165415, 559165450 
1824 64.78 34 16:55 294.52 12.89 FLB, FRB, RLB, RRB 559433352, 559433387 
1831 67.92 34 17:07 294.62 10.12 FLB, FRB, RLB, RRB 560055379, 560055414 
1836 70.17 34 17:18 294.58 7.53 FLB, FRB, RLB, RRB 560499871, 560499907 
1838 71.06 34 17:01 295.39 11.49 FLB, FRB, RLB, RRB 560676312, 560676347 
1839 71.49 34 16:09 298.29 22.90 FLB, FRB, RLB, RRB 560761909, 560761943 
1845 74.19 34 16:41 296.73 15.71 FLB, FRB, RLB, RRB 561296467, 561296488 
1848 75.53 34 16:19 298.17 20.55 FLB, FRB, RLB, RRB 561561352, 561561451 
1849 75.81 34 07:27 62.56 17.74 NRB ncam00581 
1853 77.79 34 16:54 296.51 12.74 FLB, FRB, RLB, RRB 562007347, 562007382 
1859 80.47 34 16:19 298.67 20.44 FLB, FRB, RLB, RRB 562537763, 562537797 
1863 82.28 34 16:48 297.18 14.11 FLB, FRB, RLB, RRB 562894592, 562894627 
1865 83.18 34 16:42 297.55 15.46 FLB, FRB, RLB, RRB 563071738, 563071766 
1872 86.34 34 17:01 296.80 11.25 NRB ncam00581 
1879 89.51 34 17:02 296.76 10.81 FLB, FRB, RLB, RRB 564315716, 564315760 
1885 92.21 34 16:05 299.99 23.33 FLB, FRB 564844795 
1886 92.68 34 16:59 296.89 11.61 FLB, FRB, RLB, RRB 564936854, 564936898 
1892 95.41 34 16:37 297.87 16.48 FLB, FRB, RLB, RRB 565468106, 565468141 
1894 96.14 34 07:12 62.66 14.36 NRB ncam00581 
1895 96.78 34 16:37 297.78 16.40 FLB, FRB, RLB, RRB 565734434, 565734468 
1902 100.00 34 17:12 295.98 8.73 FLB, FRB 566357944 
1904 100.92 34 17:04 296.23 10.62 FLB, FRB, RLB, RRB 566534944, 566534987 
1911 104.16 34 17:16 295.43 7.90 FLB, FRB, RLB, RBB 567157071, 567157100 
1916 106.47 34 16:27 297.47 19.00 NRB ncam00582 
1924 110.02 34 06:59 64.76 11.59 NRB ncam00581 
1925 110.69 34 17:06 294.91 10.39 FLB, FRB, RLB, RRB 568399163, 568399191 
1927 111.62 34 16:53 295.26 13.18 FLB, FRB 568575951 
1928 112.08 34 16:20 297.01 20.77 FLB, FRB, RLB, RRB 568662583, 568662679 
1929 112.58 34 17:31 293.73 4.75 RLB, RRB 568755797 
1932 113.98 34 16:50 294.99 14.01 FLB, FRB, RLB, RRB 569019566, 569019601 
1934 114.94 34 17:23 293.52 6.51 RLB, RRB  569199181 
1935 115.41 34 16:53 294.59 13.45 FLB, FRB, RLB, RRB 569286026, 569286061 
1937 116.36 34 16:53 294.40 13.51 FLB, FRB, RLB, RRB 569463546, 569463588 
1938 116.83 34 16:57 294.11 12.56 RLB, RRB 569552596 
1947 121.15 34 17:04 292.86 11.12 FLB, FRB, RLB, RRB 570351901, 570351944 
1963 128.95 34 17:27 290.05 6.18 FLB, FRB, RLB, RRB 571773544, 571773587 
1964 129.44 34 17:18 290.18 8.25 FLB, FRB, RLB, RRB 571861758, 571861809 
1968 131.40 34 16:23 292.00 21.03 NRB ncam00581 
1969 131.91 34 17:05 289.92 11.42 FLB, FRB 572304802 
1971 132.70 34 07:12 69.62 15.48 NRB ncam00583 
1971 132.91 34 17:14 289.28 9.28 FLB, FRB, RLB, RRB 572482889, 572482940 
1972 133.40 34 16:45 290.26 16.04 FLB, FRB, RLB, RRB 572569883, 572569932 
1973 133.91 34 17:03 289.36 11.86 FLB, FRB, RLB, RRB 572659745, 572659794 
1974 134.41 34 17:12 288.90 9.90 FLB, FRB, RLB, RRB 572749030, 572749080 
1975 134.90 34 16:39 290.06 17.55 FLB, FRB, RLB, RRB 572835795, 572835844 
1978 136.41 34 16:49 289.11 15.28 FLB, FRB 573102731 
1979 136.93 34 17:25 287.67 6.87 FLB, FRB, RLB, RRB 573193678, 573193723 
1984 139.46 34 17:10 287.29 10.45 FLB, FRB, RLB, RRB 573636601, 573636651 
1988 141.50 34 17:29 286.03 6.15 FLB, FRB, RLB, RRB 573992786, 573992829 
1989 142.00 34 16:30 288.08 20.29 FLB, FRB, RLB, RRB 574077879, 574077965 
1998 146.66 34 17:03 284.98 12.47 NRB ncam00581 
2000 147.69 34 16:49 285.12 16.02 FLB, FRB, RLB, RRB 575055503, 575055544 





Table D.2. Results for the characterisation of dust aerosol single scattering phase function. Columns correspond to: 
MSL mission sol number, solar longitude (LS), Martian Year, local true solar time (LTST), solar elevation angle (º) with 
respect to the local horizon, camera (Navcam: NAV; Hazcam: HAZ), the best fitting DHG parameters (g1, g2, α), 
diameter-to-length aspect ratio for cylinders and spheroids, Martian dust analogue sample, and the reduced 𝜒2 (𝜒𝑣2) 
value. Uncertainties were calculated for a 68.3% confidence limit (1σ) for a 𝜒2 distribution probability density function. 





















269 315.37 31 7:12 18.60 HAZ 0.98 − 0.00+ 0.00 0.26 − 0.00+ 0.00 0.74 − 0.01+ 0.01 1.8 2.5 Palagonite 0.022 0.116 0.041 2.249 
270 316.19 31 16:40 20.31 HAZ 0.94 − 0.02+ 0.03 0.33 − 0.04+ 0.05 0.61 − 0.08+ 0.05 1.5 2.5 Palagonite 0.048 0.010 0.026 2.199 
283 323.77 31 16:56 16.47 HAZ 0.92 − 0.01+ 0.02 0.36 − 0.00+ 0.01 0.62 − 0.01+ 0.00 0.7 2.5 Basalt 0.013 0.011 0.151 2.784 
291 328.36 31 17:08 13.45 HAZ 0.93 − 0.00+ 0.01 0.36 − 0.00+ 0.04 0.64 − 0.03+ 0.00 1.7 2.5 Basalt 0.017 0.044 0.112 4.000 
322 345.50 31 17:25 8.92 HAZ 0.91 − 0.00+ 0.00 0.17 − 0.00+ 0.00 0.70 − 0.00+ 0.00 0.8 2.3 Basalt 0.099 0.024 0.154 4.450 
383 16.67 32 16:48 17.12 HAZ 0.82 − 0.02+ 0.02 0.25 − 0.04+ 0.04 0.68 – 0.05+ 0.03 1.1 0.5 Basalt 0.043 0.144 0.240 1.212 
439 43.10 32 16:44 16.55 NAV 0.92 − 0.01+ 0.00 0.17 − 0.04+ 0.00 0.74 − 0.00+ 0.02 2.3 2.1 Basalt 0.049 0.093 0.272 1.163 
474 59.00 32 16:52 13.90 NAV 0.85 − 0.02+ 0.01 0.05 − 0.04+ 0.00 0.78 − 0.00+ 0.02 0.7 2.0 Basalt 0.042 0.025 0.181 0.948 
582 107.94 32 16:41 15.83 NAV 0.88 − 0.00+ 0.01 0.02 − 0.00+ 0.04 0.82 − 0.01+ 0.00 1.0 1.9 Basalt 0.042 0.077 0.324 0.420 
610 121.23 32 17:34 4.25 NAV 0.88 − 0.01+ 0.00 0.20 − 0.04+ 0.04 0.84 − 0.02+ 0.01 0.6 2.1 Palagonite 0.039 0.296 0.658 0.365 
751 197.46 32 16:28 23.24 HAZ 0.89 − 0.05+ 0.09  0.09 − 0.11+ 0.09  0.71 – 0.10+ 0.07 1.9 2.1 Basalt 0.002 0.026 0.019 1.491 
765 206.07 32 16:49 18.24 HAZ 0.99 − 0.09+ 0.00 0.26 − 0.02+ 0.00 0.51 − 0.01+ 0.04 1.6 2.3 Basalt 0.031 0.025 0.077 2.721 
782 216.73 32 16:59 15.72 HAZ 0.90 − 0.04+ 0.09  0.09 − 0.07+ 0.08 0.63 − 0.13+ 0.16 1.8 2.1 Basalt 0.002 0.010 0.164 4.529 
785 218.61 32 16:10 27.69 NAV 0.97 − 0.00+ 0.00 0.26 − 0.00+ 0.04 0.71 − 0.01+ 0.01 2.2 1.7 Basalt 0.036 0.286 1.020 0.601 
788 220.55 32 17:10 13.10 NAV 0.77 − 0.01+ 0.03 −0.08 − 0.15+ 0.19 0.86 − 0.07+ 0.03 2.2 1.8 Basalt 0.035 0.113 0.166 3.417 
792 223.09 32 16:31 22.58 HAZ 0.91 − 0.03+ 0.02 0.32 − 0.04+ 0.04 0.55 − 0.05+ 0.05 1.7 2.5 Basalt 0.051 0.011 0.163 2.867 
806 232.09 32 16:27 23.32 NAV 0.98 − 0.00+ 0.00 0.26 − 0.00+ 0.00 0.71 − 0.00+ 0.01 2.2 1.8 Basalt 0.069 0.364 0.901 1.208 
813 236.64 32 17:09 13.49 HAZ 0.91 − 0.01+ 0.08 0.02 − 0.08+ 0.16 0.79 − 0.29+ 0.11 0.6 2.3 Palagonite 0.008 0.008 0.185 2.025 
814 237.29 32 16:55 16.70 HAZ 0.99 − 0.07+ 0.00 0.06 − 0.00+ 0.12 0.81 − 0.31+ 0.00 0.6 2.2 Palagonite 0.005 0.014 0.194 3.793 
815 237.93 32 16:46 18.71 HAZ 0.98 − 0.05+ 0.01 0.10 − 0.04+ 0.04 0.69 − 0.19+ 0.06 0.6 2.2 Palagonite 0.001 0.005 0.228 4.958 
819 240.53 32 16:45 18.91 HAZ 0.94 − 0.01+ 0.01 0.33 − 0.00+ 0.00 0.63 − 0.00+ 0.01 1.5 2.5 Palagonite 0.090 0.015 0.151 3.112 
824 243.77 32 16:02 28.79 HAZ 0.92 − 0.00+ 0.02 0.36 − 0.00+ 0.05 0.53 − 0.02+ 0.01 1.7 2.4 Basalt 0.020 0.169 0.645 1.369 
828 246.40 32 16:46 18.68 HAZ 0.94 − 0.01+ 0.01 0.33 − 0.04+ 0.00 0.61 − 0.00+ 0.03 1.4 2.5 Basalt 0.073 0.018 0.215 3.225 
830 247.49 32 16:28 22.74 HAZ 0.82 − 0.04+ 0.05 0.25 − 0.08+ 0.09  0.96 − 0.00+ 0.00 1.4 2.4 Basalt 0.005 0.055 0.337 2.075 
924 307.50 32 16:21 24.74 NAV 0.96 − 0.00+ 0.00 0.29 − 0.00+ 0.00 0.71 − 0.00+ 0.00 0.5 1.6 Basalt 0.101 0.178 1.197 0.113 
1105 41.93 33 17:11 10.24 HAZ 0.96 − 0.00+ 0.00 0.25 − 0.00+ 0.00 0.67 − 0.02+ 0.01 1.7 2.3 Palagonite 0.123 0.008 0.293 2.278 
1114 46.05 33 16:41 17.15 HAZ 0.81 − 0.20+ 0.18 −0.12 − 0.25+ 0.14 0.78 − 0.09+ 0.08 2.4 1.9 Basalt 0.003 0.012 0.211 2.844 
1124 50.60 33 16:44 16.13 HAZ 0.77 − 0.14+ 0.15 −0.20 − 0.27+ 0.15 0.83 − 0.05+ 0.06 1.5 1.8 Basalt 0.003 0.021 0.096 2.395 
1130 53.33 33 17:18 8.08 HAZ 0.97 − 0.00+ 0.02 0.30 − 0.00+ 0.05 0.71 − 0.14+ 0.05 1.7 2.5 Palagonite 0.021 0.168 0.617 1.879 
1132 54.24 33 17:10 9.92 HAZ 0.94 − 0.00+ 0.01 0.21 − 0.04+ 0.00 0.66 − 0.01+ 0.06 1.5 2.3 Palagonite 0.097 0.005 0.266 2.773 
1137 56.49 33 16:45 15.56 HAZ 0.73 − 0.03+ 0.06 −0.22 − 0.16+ 0.18 0.86 − 0.05+ 0.02 0.8 2.2 Basalt 0.005 0.007 0.113 1.289 
1150 62.35 33 17:14 8.78 HAZ 0.97 − 0.00+ 0.01 0.38 − 0.00+ 0.00 0.64 − 0.03+ 0.02 1.8 2.5 Palagonite 0.068 0.073 0.329 1.743 
1157 65.49 33 17:13 8.88 HAZ 0.96 − 0.01+ 0.00 0.33 − 0.00+ 0.00 0.69 − 0.01+ 0.01 1.7 2.5 Palagonite 0.144 0.074 0.295 2.272 
1226 96.60 33 16:59 11.70 HAZ 0.91 − 0.01+ 0.01 0.50 − 0.04+ 0.01 0.57 − 0.01+ 0.05 1.7 2.5 Basalt 0.147 0.129 0.368 2.273 
1258 111.42 33 16:39 16.44 NAV 0.91 − 0.00+ 0.01 0.24 − 0.00+ 0.04 0.71 − 0.03+ 0.00 2.0 1.6 Basalt 0.207 0.183 0.332 0.271 
1259 111.90 33 17:02 11.36 HAZ 0.91 − 0.03+ 0.02 0.28 − 0.01+ 0.04 0.55 − 0.05+ 0.03 0.8 2.2 Basalt 0.117 0.014 0.204 2.067 
1261 112.82 33 16:01 25.02 NAV 0.90 − 0.00+ 0.00 0.31 − 0.04+ 0.00 0.65 − 0.01+ 0.02 0.8 1.8 Basalt 0.189 0.108 0.403 0.166 
1263 113.77 33 16:18 21.38 NAV 0.91 − 0.00+ 0.00 0.28 − 0.00+ 0.00 0.64 − 0.01+ 0.00 0.8 1.9 Basalt 0.194 0.102 0.464 0.239 
1268 116.15 33 16:36 17.30 NAV 0.91 − 0.01+ 0.00 0.28 − 0.04+ 0.00 0.65 − 0.01+ 0.02 1.0 1.8 Basalt 0.191 0.073 0.446 0.258 
1275 119.51 33 17:12 9.33 HAZ 0.79 − 0.04+ 0.03 0.02 − 0.09+ 0.07 0.82 − 0.02+ 0.03 0.8 0.5 Basalt 0.055 0.013 0.099 1.154 
1287 125.30 33 16:30 19.22 HAZ 0.86 − 0.17+ 0.02 0.19 − 0.88+ 0.08 0.74 − 0.04+ 0.02 0.7 2.1 Basalt 0.015 0.017 0.143 0.198 
1330 146.96 33 17:16 9.51 HAZ 0.87 − 0.07+ 0.06 0.05 − 0.04+ 0.03 0.71 − 0.16+ 0.09  1.8 2.0 Basalt 0.013 0.026 0.089 3.062 
1332 147.99 33 16:40 18.14 HAZ 0.77 − 0.06+ 0.12 −0.08 − 0.11+ 0.13 0.78 − 0.10+ 0.05 1.7 2.1 Basalt 0.008 0.016 0.257 2.161 
1339 151.68 33 17:09 11.25 HAZ 0.95 − 0.02+ 0.01 0.06 − 0.00+ 0.08 0.78 − 0.28+ 0.02 1.8 2.2 Palagonite 0.021 0.027 0.562 3.663 
1358 161.91 33 17:35 5.34 HAZ 0.96 − 0.01+ 0.00 0.29 − 0.04+ 0.00 0.68 − 0.01+ 0.06 1.7 2.5 Palagonite 0.014 0.592 1.417 1.154 
1359 162.44 33 17:03 13.41 HAZ 0.99 − 0.00+ 0.00 0.18 − 0.00+ 0.00 0.58 − 0.03+ 0.03 1.6 2.3 Basalt 0.038 0.026 0.370 3.886 
1378 173.02 33 16:46 18.00 HAZ 0.83 − 0.04+ 0.04 −0.02 − 0.07+ 0.07 0.76 − 0.04+ 0.03 2.4 2.1 Basalt 0.010 0.031 0.081 1.861 
1403 187.49 33 16:15 26.17 HAZ 0.98 − 0.07+ 0.01 0.26 − 0.09+ 0.00 0.69 − 0.00+ 0.10 2.3 0.5 Basalt 0.010 0.042 0.112 0.038 
1405 188.69 33 16:38 20.48 HAZ 0.94 − 0.00+ 0.00 0.36 − 0.00+ 0.00 0.63 − 0.01+ 0.00 1.2 2.0 Basalt 0.015 0.087 0.502 0.267 
1409 191.09 33 17:24 9.14 HAZ 0.96 − 0.00+ 0.00 0.41 − 0.00+ 0.00 0.67 − 0.01+ 0.00 1.7 2.5 Palagonite 0.098 0.678 1.042 2.079 
1416 195.28 33 16:38 20.72 HAZ 0.77 − 0.05+ 0.04 −0.02 − 0.15+ 0.07 0.76 − 0.05+ 0.06 1.6 2.3 Basalt 0.005 0.006 0.255 2.224 
1418 196.50 33 17:16 11.31 HAZ 0.95 − 0.00+ 0.01 0.41 − 0.04+ 0.00 0.59 − 0.00+ 0.03 1.7 2.5 Basalt 0.052 0.041 0.159 3.629 
1422 198.93 33 17:05 14.10 HAZ 0.94 − 0.01+ 0.01 0.10 − 0.00+ 0.04 0.86 − 0.01+ 0.00 2.3 2.2 Basalt 0.014 0.121 0.185 1.017 
1444 212.57 33 17:18 11.12 HAZ 0.94 − 0.00+ 0.02 0.06 − 0.00+ 0.04 0.84 − 0.02+ 0.03 1.8 2.4 Palagonite 0.007 0.005 0.261 1.672 
1448 215.07 33 16:53 17.22 HAZ 0.97 − 0.02+ 0.01 0.26 − 0.04+ 0.00 0.55 − 0.04+ 0.07 1.7 2.3 Palagonite 0.019 0.024 0.046 3.090 
1454 218.88 33 17:04 14.60 HAZ 0.94 − 0.00+ 0.00 0.33 − 0.00+ 0.00 0.59 − 0.00+ 0.00 1.2 0.5 Basalt 0.077 0.137 0.364 2.266 
1474 231.71 33 17:21 10.57 HAZ 0.89 − 0.01+ 0.10 0.09 − 0.04+ 0.17 0.74 − 0.24+ 0.03 0.8 2.2 Palagonite 0.007 0.019 0.014 0.803 
1480 235.57 33 16:37 20.95 HAZ 0.89 − 0.06+ 0.04 0.38 − 0.03+ 0.04 0.52 − 0.02+ 0.08 1.7 1.1 Basalt 0.006 0.143 0.521 2.508 
1484 238.19 33 17:30 8.64 HAZ 0.97 − 0.01+ 0.02 0.30 − 0.04+ 0.01 0.71 − 0.03+ 0.05 1.7 2.5 Palagonite 0.008 0.367 1.068 3.090 
1491 242.74 33 17:17 11.55 HAZ 0.93 − 0.00+ 0.00 0.32 − 0.00+ 0.00 0.68 − 0.00+ 0.00 0.6 2.2 Basalt 0.075 0.020 0.013 5.356 
1493 244.04 33 17:11 13.03 HAZ 0.87 − 0.02+ 0.00 0.12 − 0.14+ 0.00 0.78 − 0.00+ 0.06 1.0 2.0 Basalt 0.196 0.167 0.159 3.394 
1496 246.01 33 17:35 7.38 HAZ 0.95 − 0.01+ 0.00 0.37 − 0.00+ 0.00 0.62 − 0.00+ 0.02 1.8 2.5 Basalt 0.031 0.645 0.877 7.379 
1504 251.23 33 17:28 8.97 HAZ 0.94 − 0.00+ 0.00 0.17 − 0.00+ 0.00 0.76 − 0.00+ 0.01 1.7 2.5 Palagonite 0.010 0.078 0.545 1.206 
1511 255.78 33 16:42 19.61 HAZ 0.81 − 0.03+ 0.02 0.18 − 0.13+ 0.07 0.67 − 0.05+ 0.08 1.1 1.9 Basalt 0.044 0.317 0.642 1.224 
1512 256.42 33 16:28 22.63 HAZ 0.94 − 0.37+ 0.02 0.29 − 0.89+ 0.05 0.60 − 0.05+ 0.27 1.7 2.5 Basalt 0.007 0.049 0.259 1.229 
1518 260.35 33 17:02 15.07 HAZ 0.91 − 0.02+ 0.04 0.17 − 0.04+ 0.04 0.66 − 0.11+ 0.08 0.8 2.2 Palagonite 0.005 0.025 0.031 3.046 
1537 272.68 33 17:17 11.64 HAZ 0.92 − 0.00+ 0.00 0.28 − 0.00+ 0.00 0.50 − 0.00+ 0.00 0.7 1.9 Basalt 0.089 0.015 0.005 2.870 
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1555 284.18 33 16:47 18.45 NAV 0.95 − 0.00+ 0.00 0.29 − 0.00+ 0.00 0.60 − 0.00+ 0.01 1.2 1.8 Basalt 0.131 0.362 1.159 0.704 
1581 300.45 33 17:14 12.33 HAZ 0.86 − 0.01+ 0.00 0.16 − 0.00+ 0.00 0.61 − 0.00+ 0.01 2.0 1.8 Basalt 0.232 0.540 0.857 1.847 
1661 346.68 33 16:44 19.20 HAZ 0.90 − 0.01+ 0.00 0.13 − 0.07+ 0.00 0.67 − 0.01+ 0.02 1.0 1.7 Basalt 0.169 0.127 0.199 2.155 
1668 350.22 33 17:15 11.29 HAZ 0.98 − 0.02+ 0.00 0.30 − 0.05+ 0.00 0.64 − 0.00+ 0.06 1.7 2.5 Palagonite 0.023 0.098 0.563 1.595 
1675 353.89 33 16:57 15.86 HAZ 0.94 − 0.01+ 0.01 0.36 − 0.00+ 0.04 0.63 − 0.04+ 0.01 0.6 2.2 Palagonite 0.020 0.016 0.032 2.803 
1681 357.01 33 16:46 18.40 HAZ 0.94 − 0.00+ 0.00 0.29 − 0.00+ 0.00 0.61 − 0.00+ 0.00 2.3 2.0 Basalt 0.109 0.012 0.004 4.206 
1715 14.15 34 16:34 20.70 HAZ 0.96 − 0.01+ 0.01 0.18 − 0.00+ 0.04 0.73 − 0.02+ 0.01 2.2 2.0 Basalt 0.021 0.159 0.322 0.787 
1723 18.07 34 17:10 11.63 HAZ 0.86 − 0.01+ 0.00 0.12 − 0.07+ 0.00 0.65 − 0.00+ 0.03 0.5 1.8 Basalt 0.228 0.432 0.676 1.943 
1749 30.49 34 16:48 16.36 HAZ 0.98 − 0.00+ 0.00 0.30 − 0.00+ 0.04 0.67 − 0.03+ 0.01 0.5 1.4 Basalt 0.389 0.706 1.883 0.791 
1763 37.03 34 16:16 23.67 HAZ 0.97 − 0.02+ 0.01 0.14 − 0.04+ 0.00 0.70 − 0.01+ 0.03 2.2 1.9 Basalt 0.012 0.217 0.195 0.577 
1764 37.50 34 16:46 16.40 HAZ 0.97 − 0.00+ 0.00 0.18 − 0.00+ 0.00 0.73 − 0.00+ 0.00 2.2 1.8 Basalt 0.140 0.059 0.098 1.046 
1765 37.97 34 17:16 9.12 HAZ 0.81 − 0.01+ 0.00 −0.08 − 0.06+ 0.00 0.82 − 0.00+ 0.02 2.2 1.2 Basalt 0.122 0.097 0.136 2.709 
1770 40.27 34 16:18 22.85 HAZ 0.98 − 0.02+ 0.00 0.14 − 0.04+ 0.00 0.73 − 0.01+ 0.02 2.2 1.8 Basalt 0.017 0.220 0.451 0.500 
1771 40.74 34 16:48 15.68 HAZ 0.97 − 0.00+ 0.00 0.18 − 0.00+ 0.00 0.78 − 0.00+ 0.00 0.5 1.6 Basalt 0.107 0.335 0.694 0.706 
1772 41.21 34 17:19 8.44 HAZ 0.84 − 0.01+ 0.00 −0.09 − 0.10+ 0.00 0.84 − 0.00+ 0.02 0.8 2.3 Basalt 0.086 0.008 0.011 3.742 
1777 43.49 34 16:20 22.06 HAZ 0.95 − 0.01+ 0.03 0.10 − 0.04+ 0.04 0.75 − 0.03+ 0.02 2.2 1.8 Basalt 0.014 0.136 0.222 0.458 
1779 44.42 34 17:21 7.71 HAZ 0.84 − 0.01+ 0.01 0.05 − 0.03+ 0.10 0.81 − 0.04+ 0.02 1.1 1.9 Basalt 0.097 0.032 0.053 3.325 
1791 49.88 34 16:31 19.26 HAZ 0.93 − 0.03+ 0.05 0.09 − 0.08+ 0.09  0.79 − 0.07+ 0.04 2.2 1.7 Basalt 0.008 0.023 0.103 0.321 
1802 54.86 34 16:06 24.52 HAZ 0.89 − 0.01+ 0.00 0.38 − 0.04+ 0.04 0.70 − 0.02+ 0.03 1.1 0.5 Basalt 0.031 0.174 0.146 0.525 
1805 56.23 34 16:38 17.14 HAZ 0.97 − 0.00+ 0.00 0.49 − 0.00+ 0.00 0.66 − 0.00+ 0.01 1.9 1.9 Basalt 0.156 0.211 0.225 0.281 
1816 61.19 34 17:16 8.31 HAZ 0.82 − 0.01+ 0.01 0.15 − 0.03+ 0.07 0.74 − 0.04+ 0.03 1.0 2.2 Palagonite 0.014 0.020 0.093 1.437 
1818 62.08 34 16:49 14.39 HAZ 0.94 − 0.01+ 0.00 0.13 − 0.04+ 0.00 0.78 − 0.01+ 0.02 2.2 2.0 Basalt 0.025 0.110 0.267 0.771 
1821 63.42 34 16:28 19.01 HAZ 0.96 − 0.00+ 0.00 0.33 − 0.00+ 0.00 0.60 − 0.00+ 0.00 1.2 1.8 Basalt 0.102 0.510 1.094 0.585 
1824 64.78 34 16:55 12.89 HAZ 0.92 − 0.01+ 0.00 0.09 − 0.04+ 0.00 0.80 − 0.00+ 0.02 2.2 2.0 Basalt 0.035 0.054 0.131 0.889 
1831 67.92 34 17:07 10.12 HAZ 0.76 − 0.02+ 0.01 −0.36 − 0.08+ 0.06 0.85 − 0.01+ 0.01 1.4 1.5 Basalt 0.012 0.031 0.006 2.634 
1836 70.17 34 17:18 7.53 HAZ 0.86 − 0.00+ 0.01 0.09 − 0.00+ 0.04 0.77 − 0.02+ 0.00 1.8 2.5 Basalt 0.147 0.016 0.146 2.852 
1838 71.06 34 17:01 11.49 HAZ 0.72 − 0.00+ 0.00 −0.31 − 0.00+ 0.03 0.86 − 0.01+ 0.00 0.5 1.6 Basalt 0.064 0.398 0.555 1.282 
1839 71.49 34 16:09 22.90 HAZ 0.94 − 0.01+ 0.04 0.02 − 0.00+ 0.04 0.72 − 0.04+ 0.01 2.3 1.7 Basalt 0.011 0.012 0.007 0.822 
1845 74.19 34 16:41 15.71 HAZ 0.76 − 0.01+ 0.00 −0.48 − 0.12+ 0.03 0.91 − 0.00+ 0.011 2.0 1.5 Basalt 0.087 0.160 0.021 0.970 
1848 75.53 34 16:19 20.55 HAZ 0.95 − 0.00+ 0.00 0.14 − 0.00+ 0.00 0.74 − 0.00+ 0.00 2.0 2.0 Basalt 0.021 0.295 0.741 0.782 
1849 75.81 34 07:27 17.74 NAV 0.86 − 0.00+ 0.00 −0.05 − 0.04+ 0.04 0.85 − 0.01+ 0.01 2.3 1.7 Basalt 0.050 0.110 0.293 0.231 
1853 77.79 34 16:54 12.74 HAZ 0.70 − 0.00+ 0.01 −0.33 − 0.06+ 0.05 0.88 − 0.01+ 0.01 1.0 1.7 Basalt 0.077 0.231 0.239 1.010 
1859 80.47 34 16:19 20.44 HAZ 0.97 − 0.01+ 0.00 0.14 − 0.04+ 0.00 0.69 − 0.00+ 0.01 2.0 1.7 Basalt 0.203 0.141 0.239 0.560 
1863 82.28 34 16:48 14.11 HAZ 0.71 − 0.00+ 0.01 −0.33 − 0.09+ 0.05 0.89 − 0.01+ 0.01 2.0 1.6 Basalt 0.114 0.360 0.345 0.888 
1865 83.18 34 16:42 15.46 HAZ 0.81 − 0.00+ 0.00 0.38 − 0.00+ 0.00 0.64 − 0.00+ 0.00 2.1 0.8 Basalt 0.257 0.060 0.135 0.493 
1872 86.34 34 17:01 11.25 NAV 0.85 − 0.01+ 0.01 −0.23 − 0.00+ 0.07 0.91 − 0.01+ 0.00 2.3 0.5 Basalt 0.029 0.037 0.530 0.372 
1879 89.51 34 17:02 10.81 HAZ 0.97 − 0.00+ 0.00 0.06 − 0.00+ 0.00 0.88 − 0.00+ 0.00 2.0 1.8 Basalt 0.027 0.101 0.569 0.732 
1885 92.21 34 16:05 23.33 HAZ 0.92 − 0.01+ 0.00 0.13 − 0.04+ 0.00 0.70 − 0.01+ 0.02 2.3 1.8 Basalt 0.031 0.047 0.003 0.639 
1886 92.68 34 16:59 11.61 HAZ 0.66 − 0.03+ 0.04 −0.15 − 0.17+ 0.19 0.88 − 0.06+ 0.04 2.2 2.0 Basalt 0.021 0.095 0.313 1.239 
1892 95.41 34 16:37 16.48 HAZ 0.97 − 0.00+ 0.00 0.26 − 0.00+ 0.00 0.71 − 0.00+ 0.00 2.0 1.8 Basalt 0.069 0.349 1.370 0.497 
1894 96.14 34 07:12 14.36 NAV 0.90 − 0.00+ 0.00 0.02 − 0.04+ 0.00 0.85 − 0.00+ 0.01 2.3 1.7 Basalt 0.065 0.023 1.444 0.166 
1895 96.78 34 16:37 16.40 HAZ 0.78 − 0.00+ 0.01 −0.40 − 0.00+ 0.06 0.91 − 0.01+ 0.00 2.0 1.5 Basalt 0.101 0.038 0.044 0.874 
1902 100.00 34 17:12 8.73 HAZ 0.89 − 0.01+ 0.08 0.24 − 0.10+ 0.08 0.66 − 0.16+ 0.20 0.8 2.4 Palagonite 0.006 0.017 0.048 0.876 
1904 100.92 34 17:04 10.62 HAZ 0.85 − 0.02+ 0.01 0.16 − 0.04+ 0.00 0.62 − 0.01+ 0.03 2.3 1.9 Basalt 0.063 0.037 0.066 1.854 
1911 104.16 34 17:16 7.90 HAZ 0.85 − 0.00+ 0.00 −0.05 − 0.00+ 0.03 0.82 − 0.01+ 0.00 0.7 1.8 Basalt 0.080 0.040 0.079 2.814 
1916 106.47 34 16:27 19.00 NAV 0.85 − 0.01+ 0.01 0.02 − 0.10+ 0.07 0.83 − 0.03+ 0.03 1.0 1.6 Basalt 0.086 0.036 0.413 0.237 
1924 110.02 34 06:59 11.59 NAV 0.90 − 0.00+ 0.01 0.09 − 0.00+ 0.04 0.82 – 0.02+ 0.00 2.3 2.3 Basalt 0.034 0.152 0.214 0.439 
1925 110.69 34 17:06 10.39 HAZ 0.90 − 0.03+ 0.01 0.35 − 0.05+ 0.00 0.50 − 0.00+ 0.04 0.8 1.6 Basalt 0.296 0.038 0.011 1.505 
1927 111.62 34 16:53 13.18 HAZ 0.91 − 0.04+ 0.06 −0.13 − 0.07+ 0.07 0.87 − 0.02+ 0.01 2.0 1.6 Basalt 0.011 0.066 0.029 1.157 
1928 112.08 34 16:20 20.77 HAZ 0.95 − 0.07+ 0.03 0.06 − 0.08+ 0.04 0.76 − 0.04+ 0.07 2.2 0.5 Basalt 0.006 0.040 0.050 0.286 
1929 112.58 34 17:31 4.75 HAZ 0.95 − 0.00+ 0.00 0.37 − 0.00+ 0.00 0.68 − 0.01+ 0.00 1.7 2.5 Palagonite 0.084 0.673 1.150 2.514 
1932 113.98 34 16:50 14.01 HAZ 0.93 − 0.00+ 0.00 0.13 − 0.00+ 0.00 0.76 − 0.00+ 0.00 2.0 1.7 Basalt 0.202 0.114 0.390 0.637 
1934 114.94 34 17:23 6.51 HAZ 0.90 − 0.00+ 0.00 0.17 − 0.00+ 0.04 0.76 − 0.02+ 0.00 1.8 2.4 Palagonite 0.083 0.057 0.237 1.790 
1935 115.41 34 16:53 13.45 HAZ 0.66 − 0.01+ 0.01 −0.66 − 0.01+ 0.01 0.90 − 0.01+ 0.00 2.0 1.6 Basalt 0.135 0.071 0.273 0.722 
1937 116.36 34 16:53 13.51 HAZ 0.94 − 0.00+ 0.00 0.17 − 0.00+ 0.00 0.77 − 0.00+ 0.01 2.0 1.7 Basalt 0.141 0.057 0.458 0.427 
1938 116.83 34 16:57 12.56 HAZ 0.70 − 0.01+ 0.00 −0.70 − 0.00+ 0.03 0.86 − 0.01+ 0.00 2.0 1.7 Basalt 0.011 0.077 0.178 0.495 
1947 121.15 34 17:04 11.12 HAZ 0.63 − 0.00+ 0.00 −0.63 − 0.00+ 0.00 0.95 − 0.00+ 0.00 2.1 1.3 Basalt 0.268 0.401 0.777 0.275 
1963 128.95 34 17:27 6.18 HAZ 0.91 − 0.00+ 0.00 0.17 − 0.00+ 0.00 0.85 − 0.00+ 0.00 0.6 0.5 Palagonite 0.130 0.392 0.586 0.329 
1964 129.44 34 17:18 8.25 HAZ 0.93 − 0.00+ 0.01 0.32 − 0.00+ 0.00 0.76 − 0.01+ 0.01 0.6 2.1 Palagonite 0.077 0.123 0.249 0.750 
1968 131.40 34 16:23 21.03 NAV 0.78 − 0.01+ 0.01 −0.18 − 0.06+ 0.09 0.89 − 0.02+ 0.01 0.8 1.9 Basalt 0.011 0.013 0.082 0.251 
1969 131.91 34 17:05 11.42 HAZ 0.72 − 0.01+ 0.00 −0.72 − 0.00+ 0.01 0.87 − 0.00+ 0.01 2.0 1.4 Basalt 0.100 0.161 0.239 0.246 
1971 132.70 34 07:12 15.48 NAV 0.89 − 0.00+ 0.01 −0.05 − 0.04+ 0.04 0.88 − 0.01+ 0.01 1.9 1.7 Palagonite 0.147 0.081 0.112 1.123 
1971 132.91 34 17:14 9.28 HAZ 0.76 − 0.02+ 0.01 −0.11 − 0.15+ 0.03 0.88 − 0.01+ 0.03 1.1 1.2 Basalt 0.038 0.043 1.568 0.197 
1972 133.40 34 16:45 16.04 HAZ 0.95 − 0.00+ 0.00 0.25 − 0.00+ 0.00 0.76 − 0.00+ 0.00 1.9 1.4 Basalt 0.203 0.190 1.356 0.154 
1973 133.91 34 17:03 11.86 HAZ 0.97 − 0.00+ 0.00 0.30 − 0.00+ 0.00 0.78 − 0.00+ 0.00 2.2 1.3 Basalt 0.231 0.178 0.434 0.266 
1974 134.41 34 17:12 9.90 HAZ 0.74 − 0.00+ 0.01 −0.37 − 0.03+ 0.09 0.93 − 0.01+ 0.00 0.5 0.5 Basalt 0.007 0.067 0.102 0.982 
1975 134.90 34 16:39 17.55 HAZ 0.96 − 0.00+ 0.00 0.33 − 0.00+ 0.00 0.70 − 0.00+ 0.00 1.9 1.5 Basalt 0.292 0.434 1.510 0.228 
1978 136.41 34 16:49 15.28 HAZ 0.98 − 0.00+ 0.00 0.38 − 0.00+ 0.00 0.73 − 0.00+ 0.00 0.5 1.5 Basalt 0.140 0.319 1.264 0.166 
1979 136.93 34 17:25 6.87 HAZ 0.96 − 0.00+ 0.00 0.33 − 0.00+ 0.00 0.78 − 0.00+ 0.00 1.7 2.5 Palagonite 0.154 0.775 1.314 0.911 
1984 139.46 34 17:10 10.45 HAZ 0.73 − 0.01+ 0.01 −0.31 − 0.08+ 0.09 0.92 − 0.01+ 0.01 0.5 1.7 Basalt 0.010 0.118 0.159 1.085 
1988 141.50 34 17:29 6.15 HAZ 0.90 − 0.00+ 0.00 −0.02 − 0.00+ 0.04 0.84 − 0.01+ 0.00 1.8 2.5 Palagonite 0.244 0.615 0.928 1.789 
1989 142.00 34 16:30 20.29 HAZ 0.93 − 0.05+ 0.02 −0.13 − 0.14+ 0.04 0.85 − 0.02+ 0.04 2.1 1.4 Basalt 0.005 0.165 0.038 0.429 
1998 146.66 34 17:03 12.47 NAV 0.92 − 0.00+ 0.00 −0.17 − 0.00+ 0.00 0.94 − 0.00+ 0.00 0.5 0.8 Palagonite 0.032 0.020 0.811 0.442 
2000 147.69 34 16:49 16.02 HAZ 0.97 − 0.07+ 0.00 −0.06 − 0.14+ 0.00 0.86 − 0.00+ 0.04 2.0 1.4 Basalt 0.006 0.071 0.022 0.927 
2001 148.22 34 17:05 12.04 HAZ 0.89 − 0.03+ 0.03 −0.27 − 0.06+ 0.07 0.93 − 0.00+ 0.00 2.0 0.5 Palagonite 0.006 0.025 0.021 1.197 
APPENDIX D 
167 
 
 
 
 
 
 
